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Assuming t h a t  t h e  p r e s e n t  m e t e o r i t i c  i n f a l l  as measured 
on t h e  ear th  has pers is ted f o r  t h e  age o f  t h e  l u n a r  maria, it i s  
p o s s i b l e  t o  c a l c u l a t e  the number d e n s i t y  o f  small c r a t e r s  on t h e  
l u n a r  s u r f a c e .  Use of e s t i m a t e d  e r r o r s  g e n e r a t e s  three number 
diameter r e l a t i o n s  of conf idence  l e v e l s  c r u d e l y  estimated as 10,  
50 ,  and 9 0 % .  The nominal  (50%) d e n s i t y  of  c r a t e r s  e x c e e d i n g  
1 meter i n  diameter i s  .06 per s q u a r e  meter; t h e  o t h e r  r e l a t i o n s  
are abou t  20 times h ighe r  and lower.  

Under the  h y p o t h e s i s  t h a t  e r o s i o n  by  micrometeoro ids  
r e s u l t s  i n  a p r o t e c t i v e  d e b r i s  l ayer ,  c a l c u l a t i o n s  i n d i c a t e  that  
t h i s  l aye r  i s  expec ted  ( 5 0 % )  t o  be l e s s  t h a n  0 .1  nleter t h i c k ,  
wi th  a 6x span  t o  t h e  1 0 %  and 90% l e v e l s .  
r e l i e f  would be  e roded  by a smaller amount. The d e b r i s  layer 
w i l l  be much more s u b s t a n t i a l  n e a r  larger  c r a t e r s .  

Any p r i m o r d i a l  l u n a r  

F i n a l l y ,  arguments  assuming a f a i r l y  g e n e r a l  comminution 
law s u g g e s t  t h a t  the number d e n s i t y  of  large e J e c t e d  f ragments  
on t h e  s u r f a c e  shou ld  be s imi la r  t o  that  o f  c r a t e r s  o f  e q u a l  
volume. 

S i n c e  o t h e r  p r o c e s s e s  t h a n  m e t e o r i t i c  l n f a l l  are p r o b a b l y  
i m p o r t a n t  i n  d e t e r m i n i n g  l u n a r  topography,  one must be  c a u t i o u s  
i n  . a s s e r t i n g  t h a t  these r e s u l t s  i n  f a c t  d e s c r i b e  t he  moon. 



I, I N T R O D U C T I O N :  SURFACE MODELS 

The q u e s t i o n - o f  the n a t u r e  of  the l u n a r  s u r f a c e  
arises i n  almost  every  s t u d y  re la ted t o  t h e  Apollo l u n a r  
l a n d i n g  miss ian .  These studies i n c l u d e  n o t  on ly  t h e  
l a n d i n g  of the s p a c e  s h i p  i t s e l f , . b u t  also, ,  t h e  d e s i g n  
o f  s u r f a c e  v e h i c l e s ,  t h e  plans f o r  manned e x p l o r a t i o n ,  
and t h e  d e s i g n  of photographic  r econna i s sance  equipment .  
Regre t fu l ly ,  however, years of i n t e n s i v e  s t u d y  have i f  
anything.  ahscured o u r  c m c e p t  o f  t h e  lunar s u r f a c e .  U n t i l  
some d i r e c t  i n f o r m a t i o n  i s  o b t a i n e d ,  these e s s e n t i a l  
s t u d i e s  have no a l t e r n a t i v e  b u t  a group of p l a u s i b l e  s u r -  
f a c e  models,  o f  va ry ing  i n k o s p i t a l i t y ,  

A proposed l and ing  v e h i c l e ,  f o r  i n s t a n c e ,  can  b e  
judged on t h e  number of such models wi th  which i t  can deal;  
on ly  when more i s  known can i t  be d e s i g n e d . f o r  e x c e l l e n c e  
i n  coping w i t h  a pa r t i cu la r  model. An e f f o r t  t a  produce 
a group o f  s t a t i s t i c a l  lunar surface models  i s  i n  p r o c e s s .  
The p r e s e n t  pape r ,  d e a l i n g  w i t h  t h e  e f f e c t s  of  m e t e o r i c  
bombardment, i s  a p o r t i o n  o f  t ha t  e f f o r t .  - 

The g r o s s  appearance o f  t h e  moon i s  dominated by 
c r a t e r s  g e n e r a l l y  be l i eved  t o  be of  m e t e o r i t i c  o r i g i n .  The 
c r a t e r  d e n s i t y  i s  unknown f o r  diameters under  h a l f  a k i l o -  
meter o r  so ,  bu t  t h e r e  is  c o n s i d e r a b l e  i n f o r m a t i o n  on the  
t e r r e s t r i a l  i n f a l l  o f  m e t e o r i t e s  which would produce c r a t e r s  
on the s c a l e  of 0 . 1  t o  1 0 0  m e t e r s ' i n  diameter. T h i s  i n -  
fo rma t ion  i s  reviewed below,  and a best estimate o f  t h e  
c r a t e r  p o p u l a t i o n  i s  made. We f u r t h e r  a t t e m p t  t o  estimate 
t h e  nubbers  o f  c r a t e r  f ragments  o f  v a r i o u s  s i z e s ,  and t h e  
e x t e n t  t o  which t h e s e  f e a t u r e s  have been modi f ied  by m e t e o r i c  
e r o s i o n ,  Some of t h e  d a t a  i s  very  poor.  Recognizing t h i s ,  
w e  a t t e m p t  t o  e s t i m a t e  e r r o r s .  A t  each s t e p  i n  t h e  argument 
where a numer i ca l  va lue  m u s t  be  p o s t u l a t e d ,  a l o g a r i t h m i c  
p robab le  e r r o r  i s  ass igned .  It i s  i n t e n d e d  t ha t  t h e  
t r u e  v a l u e s  have a chance exceeding  80% of  f a l l i n g  w i t h i n  
t h e  e r r o r  i n t e r v a l .  The e r r o r s  a r e  assumed independent ,  
and are propagated through t h e  computat ions a c c o r d i n g l y ,  
t h e  f r a c t i o n a l  e r r o r  i n  a product  be ing  t h e  Pythagorean 
sum of t h e  e r r o r s  i n  each f a c t o r .  Thus, i f  ex i s  t h e  e r r o r  
i n  x ,  and  s i m i l a r l y  f o r  y and z ,  t h e  e r r o r  i n  t h e  product  
xyz i s :  

=de* + e. 2 + eZ 2 
XY Z X Y e 
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Thus, t h e  f i n i s h e d  c a l c u l a t i o n  c o n t a i n s  an o p t i m i s t i c ,  a 
nominal ,  and a p e s s i m i s t i c  c a s e .  These s h o u l d  be cons id-  
ered upper  bounds on the r e s u l t s ,  w i t h  c o n f i d e n c e s  o f  
l o % ,  50%, and go%, r e s p e c t i v e l y .  These l e v e l s  are s u b j e c t  
t o  r e v i s i o n ,  and are s t a t e d  only  t o  se t  o r d e r s  o f  magnitude. 
The se t  can r e a d i l y  be used i n  a . sequence  of s u r f a c e  models,  
The chances that  the  proposed models s t a t i s t i c a l l y  d e s c r i b e  
t h e  " r e a l  moon" are p rob lema t i c ;  c e r t a i n l y  t h e y  are good 
on ly  i f  m e t e o r i c  i n f a l l  i s  t h e  major  i n f l u e n c e  on small 
s c a l e  topography.  Other  p r o c e s s e s ,  i n c l u d i n g  vulcanism,  
may produce a rougher  t e r r a i n ,  o r  a smoother  one. A quan- 
t i t a t i v e  model, however, must be h e l d  i n  c o n s i d e r a b l e  
r e s p e c t ,  p a r t i c u l a r l y  s i n c e ,  as w i l l  b e  s e e n ,  t h e  i n f e r r e d  
s u r f a c e  i s  more i r r e g u l a r  t h a n  has been proposed  i n  t h e  past .  

11, CRATER COUNTS AND METEORIC INFALL 

A ,  CRATERS 

To t h e  naked eye o b s e r v e r ,  t h e  moon i s  d i v i d e d  
i n t o  b r i g h t  ( c o n t i n e n t a l )  and dark (mare) areas. With 
even a small t e l e s c o p e ,  t h e  c r a t e r s  become a p p a r e n t ,  
S u b s t a n t i a l  numbers appear on t h e  maria, and t h e  con t in -  
e n t s  a r e  l i t e r a l l y  covered w i t h  these  mammoth, c i r c u l a r  
f e a t u r e s  

The g e n e r a l  n a t u r e  o f  t e c r a t e r s  has been 
d i s c u s s e d  i n  a number o f  books. They are g e n e r a l l y  
round,  Large c r a t e r s  are sha l low;  t h e i r  f l o o r s  seem t o  
f o l l o w  t h e  mean s u r f a c e  of t h e  moon. Smaller c r a t e r s  may 
be q u i t e  deep. A s  examples,  Copernicus has a r a t i o  o f  r i m  
d i a m e t e r  t o  t o t a l  dep th  of 90 km/3.5 km = 26:1, Lalande 
A ( 1 O o W ,  7"s) i s  1 2  km/2.5 km = 5 : l .  Th s f i g u r e s  are 
t a k e n  from t h e  A i r  Force Lunar Charts .  T 2 e  The diameter- 
d e p t h  r a t i o  f o r  f resh ,  s m a l l  c r a t e r  T3ryay be 4:l . 
f i g u r e  i s  s u g g e s t e d  by H. J .  Moore o f  t h e  U. S. Geo- 
l o g i c a l  Survey 

have shown that  c r a t e r s  may be c l a s s i f i e d  by r e l a t i v e  age. 
A t  l e a s t  f i v e  age c l a s s e s  can be d i s t i n g u i s h e d ;  t h e  walls 
o f  t h e  o l d  c r a t e r s  are degraded, and p i t t e d  by  younger  
c r a t e r s .  The younges t  c r a t e r s  o f  a l l  are c h a r a c t e r i z e d  by 
s h a r p  c o n t o u r s ,  r u b b l y  su r round ing  material, and by b r i g h t ,  
more o r  less r a d i a l  l r rays l '  which may ( p a r t i c u l a r l y  f o r  t h e  
c r a t e r  Tycho) span  t h e  e n t i r e  v i s i b l e  s u r f a c e  o f  the  moon, 

T h i s  

The Survey ' s  As t rogeo log ic  s e c t i o n  ( 4 )  and o t h e r s  

To o r d e r  t h e  c r a t e r s  by age i s  n o t  t o  a s s i g n  
c a l e n d a r  ages. I n  t h e  p o i n t  of  view t a k e n  i n  t h i s  pape r ,  
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t h e  c r a t e r s  are a r e s u l t  o f  t h e  moon's c o l l i s i o n s  w i t h  o t h e r ,  
smaller c e l e s t i a l  b o d i e s ,  The c o n t i n e n t a l  r e g i o n s  may repre- 
s e n t  the concluding  stages of t h e  c o n s o l i d a t i o n  o f  t h e  s o l a r  
s y s t e m .  Subsequent t o  t h i s ,  t h e  great maria were formed, 
S e v e r a l  o f  these are q u i t e  c i r c u l a r ,  i n c l u d i n g  Mare Imbrium, 
500 km a c r o s s o  These also may have r e s u l t e d  from impac t s ,  
and i f  s o ,  exceed ing ly  s p e c t a c u l a r  ones ,  The maria now 
appear smooth and reasonably  f l a t ,  A s  f o r  t h e  s u r f a c e  mate- 
r i a l ,  i t s  n a t u r e  i s  unknown, 

I n  any case, t h e  maria are llnewll r e l a t i v e  t o  t h e  
c o n t i n e n t s ,  The age we use below i s  1 0  9 i 0 * 7  years - n o t  
younger  t h a n  200 m i l l i o n  years, and no o l d e r  t h a n  the  pro- 
posed 4,s b i l l i o n  year age o f  t h e  ear th  and t h e  s o l a r  system, 
On t h e  maria, t h e  c r a t e r  d e n s i t y  i s  f i f t e e n - t h i r t y  times 
smaller  t h a n  on t h e  c o n t i n e n t s ,  ( 8 )  We h y p o t h e s i z e  t h a t  
a t  l ea s t  t he  marial craters  have accumulated uni formly  o v e r  
t h e  years  s i n c e  mare formation. 

Today, t h e  c o l l i s i o n  o r  impact h y p o t h e s i s  f o r  
t h e  o r i g i n  o f  t h e  c r a t e r s  i s  w i d e l y  he ld .  
been a f o r c e f u l  exponent f o r  many years.  Divergent  hypo- 
theses  g e n e r a l l y  p o s i t  a v o l c a n i c  o r i g i n  f o r  some o r  a l l  
o f  . t h e  f e a t u r e s .  T h i s  i d e a  i s  p a r t i c u l a r l y  compel l ing  f o r  
non-random arrays o f  small c r a t e r s ,  o r  f o r  c r a t e r s  a s s o c i -  
a t e d  w i t h  l i n e a r  f e a t u r e s  o r  domes, 

Baldwin ( 5 )  has 

The m a j o r i t y  o f  t h e  c r a t e r s  seem, however, t o  
be randomly p l a c e d ,  
s u p p o r t e d  b y  t he  r easonab le  matching o f  t h e  d e n s i t y  o f  

An impact o r i g i n  f o r  ihese  i s  F u r t h e r  

s m i i l  c r a t e r s  w i t h  t h e  known, c u r r e n t ,  i n f a l l  r a t e  o f  
s u b s t a n t i a l  meteoro ids  nd w i t h  the  number o f  comparable 
f e a t u r e s  on t h e  ea r th ,  ( 6 7  

L e t  us now b r i e f l y  review some o f  t h e  p u b l i s h e d  
" c r a t e r  counts"  of  number v e r s u s  diameter, We r e s t r i c t  
o u r s e l v e s  t o  mare r e g i o n s ,  The i n v e s t i g a t o r s  s t a r t  w i t h  - 

(6-Shoemaker, Hackmann & a high  r e s o l u t i o n  photograph 

Mi'1er) and t a b u l a t e  t h e  observed f e a t u r e s ,  
(8-McGillam & 7-0pik) o r  t h e  A i r  Force C h a r t s  

The Geo log ica l  
Survey p a p e r  (6) has a good d i s c u s s i o n  o f  f e a t u r e s  which 
shou ld  be exc luded ,  These i n c l u d e  c r a t e r s  which are prob- 
a b l y  v o l c a n i c  , and llgouge-like d e p r e s s i o n s  ," "probably 
secondary  i m p a c t  craters  formed by f ragments  e j e c t e d  from 
t h e  la rge  c r a t e r s . "  

i s  p l o t t e d ,  These have been expres sed  as t h e  cumula t ive  
number of c r a t e r s  exceeding  diameter D ( i n  meters) p e r  
s q u a r e  meter. Otherwise, e v  r y  quoted  numb i s  i n c l u d e d .  
It w i l l  be s e e n  t h a t  Opik ( 7 7  and McGillam 75) counts  are 

On F igure  1, t h e  data from t h e  three i n v e s t i g a t i o n s  
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c o n s i s t e n t  ( w i t h i n  a f a c t o r  o 
t h e  Geo log ica l  

end,  b u t  i n  t h e  mean, amounts t o  about  th ree  t imes.  

wo t o t a l  r ange )  and t h a t  
Survey count ,  f 6 j  w i t h  i t s  de l ibera te  omiss ions ,  

. i s  low. The d e v i a t i o n  may b e  s t a t i s t i c a l  a t  t h e  large diameter 

We have chosen t h e  s t r a i g h t  l i n e  on F i g u r e  1 as a 
s u i t a b l e  r e p r e s e n t a t i o n  of t h e  data,  Wi th in  a f a c t o r  of  
two, i t  i n c l u d e s  most of t h e  p o i n t s .  I f  F i s  t h e  number 
d e n s i t y  ( m - 2 )  and D t he  c r a t e r  diameter (m), t h e  e q u a t i o n  o f  
t h i s  l i n e  i s :  

I n  t h i s  p a p e r ,  " log" w i l l  i n d i c a t e  t h e  common 
l o g a r i t h m ,  and "ln" t he  n a t u r a l  l o g a r i t h m ,  

Exponents from 1,5 t o  l07 would f i t ,  and t h e  
g e n e r a l  a p p l i c a b i l i t y  can be judged by t h e  p o i n t s  on 
F i g u r e  1. 

Are these c r a t e r  d e n s i t i e s  c o n s i s t e n t  w i t h  t h e  
m e t e o r i c  i n f a l l  hyDothesis?  
are,  i n  t h a t  t h e y  a r e  c o n s i s t e n t  w i t h  t h e  t e r r e s t r i a l  
i n f a l l  r a tes  observed t o d a y .  The h y p o t h e s i s  can t h e n  
b e  advanced t h a t  these same i n f a l l  rates s h o u l d  b e  used 
t o  compute t h e  number d e n s i t i e s  o f  smaller l u n a r  c r a t e r s ,  
t o  ex tend  F igure  1 down t o  t h e  1 m e t e r  S ~ Z P  range, 

It w i l l  be  s e e n  t h a t  t h e y  

B o  METEORIC INFALL: THE METEOROIDS 

I n  an e a r l i e r  paper ,  t h e  a u t h o r  ha  e s c r i b e d  
t h e  Meteoroid Environment o f  P r o j e c t  Apollo,  9 9 7  and 
some o f  t h e  background material  there  may b e  o f  use .  
I n  f a c t ,  however, t h e  p r e s e n t  i n v e s t i g a t i o n  i s  comple- 
mentary,  
s p a c e c r a f t  s k i n s  would make n e g l i g i b l e  c ra te rs  on t h e  
moono The n a r t i c l e s  which l e a v e  s u b s t a n t i a l  c r a t e r s  
( 1 0  c e n t i m e t e r s  o r  more i n  diameter) are t o o  rare  t o  
a f f e c t  Apollo s p a c e c r a f t  d e s i g n  o r  mis s ion  s t r a t e g y  . 

The small pa r t i c l e s  j u s t  capable  o f  p e n e t r a t i n g  

The meteoro ids  which concern u s  are l a r g e l y  
t h e  museum m e t e o r i t e s ,  dense b o d i e s  of  composi t ion  and 
s t r u c t u r e  s u g g e s t i n g  t h a t  t h e y  once formed part  of a sub- 
s t a n t i a l  p l a n e t o i d .  Perhaps 1 0 %  of  t he  commonly found 
m e t e o r i t e s  are n icke l - i ron .  The r e s t ,  t h e  s on s ,  have a 
wide v a r i e t y  o f  composi t ions ,  
t h e  h e a v i e s t  meteoro ids  (above 106 kg)  are predominant ly  i r o n s  

These  b o d i e s  move i n  t h e  s o l a r  s y s t e m  pre- 
dominant ly  i n  d i r e c t  o r b i t s  ( i Q e .  i n  t h e  same s e n s e  as 
t h e  ear th)  o f  v a r y i n g  e c c e n t r i c i t y  and t h e i r  impact 

G. S, Hawkins Floe s t a t e s  t h a t  



v e l o c i t i e s  vary  acco rd ing ly ,  
as a mean v e l o c i t y  f o r  impact w i t h  t h e  e a r t h ,  Compensating 
for t h e  r e s p e c t i v e  e scape  v e l o c i t i e s ,  t h i s  shou ld  amount 
t o  about  13 km/sec f o r  impacts  on t h e  moon. T h i s  mean 
v e l o c i t y  i s  r a t h e r  smaller t h a n  t h a t  observed  for t h e  more 
common meteoro ids ,  which have a h i g h e r  pe rcen tage  o f  r e t r o -  
grade  o r b i t s ,  

Hawkins ( lo) gives  17  km/sec 

C, HYPERVELOCITY IMPACTS 

Nhen a meteoroid c o l l i d e s  w i t h  a s o l i d  s u r f a c e ,  
t h e  r e s u l t  i s  analogous t o  an e x p l o s i o n ,  The impact ve lo-  
c i t y  i s  s u b s t a n t i a l l y  above t h e  sound v e l o c i t y  i n  t h e  
t a r g e t ,  E s s e n t i a l l y  t h e  e n t i r e  k i n e t i c  energy o f  t h e  
meteoro id  i s  i m p a r t e d  t o  t h e  target  i n  a l o c a l i z e d ,  h i g h l y  
shocked r e g i o n ;  c r a t e r  format ion  occur s  subsequen t ly ,  w i t h  
t he  d i s s i p a t i o n  o f  t h i s  energy,  

S t u  i e s  o f  c r a t e r i n g  are re o r t e d ,  f o r  i n s t a n c e ,  
by Baldwin ( 5  P and Shoemaker e t  a t .  (E) 
of h y p e r v e l o c i t y  impact are c o n t a i n  d n t h e  proceedings  o f  

More g e n e r a l  s t u d i e s  

t h e  Hyperve loc i ty  Impact Symposia, 7 1lf 
There i s  c o n s i d e r a b l e  d isagreement  among t h e  ex- 

p e r t s  ( s ee  ( g ) ,  ( 2 4 ) ,  and o t h e r  review p a p e r s ) ,  Some groups 
a s s o c i a t e  c r a t e r  vo me w i t h  t h e  k i n e t i c  energy o f  t h e  
p r o j e c t i l e ;  o t h e r s  t g )  choose, f o r  l a rger  c r a t e r s ,  pe rhaps  
t h e  , 8 8  power of  k i n e t i c  energy.  S t i l l  o t h e r s  i n c l i  e 

Exper imen ta l  impact experiments  do not  c o v e r  v e l o c i t i e s  much 
i n  e x c e s s  of 1 0  km/sec, s o  t h a t ,  p a r t i c u l a r l y  f o r  cometary 
me teo ro ids ,  s u b s t a n t i a l  e x t r a p o l a t i o n  e r r o r  i s  i n t r o d u c e d .  
S i n c e  t h e  mean impact v e l o c i t y  of heavy meteoro ids  on t h e  
moon i s  only 1 3  km/sec, t h e  q u e s t i o n  o f  v e l o c i t y  dependence 
i s  less impor tan t  f o r  t h e  p r e s e n t  s t u d y .  

dependence o f  c r a t e r  volume on p r o j e c t i l e  momentum, ?12t0 a 

On the  o t h e r  hand, t h e  q u e s t i o n  o f  material  
s t r e n g t h  i s  impor t an t  Unfo r tuna te ly  w e  have no knowledge 
of  t h e  s t z n g t h  o f  l u n a r  s u r f a c e  material .  B r i e f l y ,  t h e  
early s t a g e s  o f  lr i ipact m e  c h a r a c t e r i z e d  by pres su res  ~f 
m i l l i o n s  o f  atmospheres.  The s t r e n g t h  and shape of pro.jec- 
t i l e  and ta rge t  are not  impor t an t .  During t h e  "exp los ive"  
o r  t e r m i n a l  s t a g e s  o f  c r a t e r i n g ,  however, t h e  s t r e n g t h  o f  
t h e  t a r g e t  almost c e r t a i n l y  de te rmines  t h e  u l t i m a t e  craterp 
s i z e  and shape .  u n f o r t u n a t e l y ,  we cannot  estimate t h e  
s t r e n g t h  of t h e  l u n a r  s u r f a c e ,  T h i s  u n c e r t a i n t y  c o n t r o l s  
t h e  u s e f u l n e s s  o f  o u r  c r a t e r i n g  c r i t e r i o n ,  and makes t h e  
p r e c i s e  cho ice  immaterial, 



I n  o t h e r  s t u d i e s ( 9 1 ,  we have used t h e  Charters and 
L o c k e ( l 3 )  p e n e t r a t i o n  r e l a t i o n ,  which i s  e x p r e s s e d  as, 

p v 2 / 3  
E = 2.28 ( & ) d t 

Here p i s  t h e  p e n e t r a t i o n  i n  a s e m i - i n f i n i t e  s o l i d  
o f  d e n s i t y  Pt ana  sound v e l o c i t y  c ,  r e s u l t i n g  from t h e  impact  
o f  a p a r t i c l e  of diameter d,  d e n s i t y  P and v e l o c i t y  V. S c a l i n g  
material p r o p e r t i e s  w i t h  sound v e l o c i t y  i s  f r a n k l y  s u c c e s s f u l  
o n l y  f o r  a few metals; i t  i s  adequa te  f o r  order-of-magnitude 
s t u d i e s .  Other c r i t e r i a  ( s e e  r e f e r e n c e  9 )  o f t e n  i n t r o d u c e  t h e  
" c r u s h i n g  s t r e n g t h " ,  S o f  t he  target. ,  
c2 = S/pt w i t h  a l t e r a t i o n s  o f  t he  c o n s t a n t .  
u sed  by Shoemaker ( 6 )  and Baldwin ( 5 )  p r e d i c t  c r a t d r s  i n  s o i l s  
l a rger  by perhaps l o x  i n  volume, R e l a t i o n  ( 2 . 2 )  i s  as adequa te  
as any to s t a r t  from. 

P '  

One may s u b s t i t u t e  
C r a t e r i n g  r e l a t i o n s  

We would prefer  a r e l a t i o n  betwe.en c r a t e r  diameter, 
D ,  i n  meters, and p a r t i c l e  mass, m, i n  k i lograms.  

We assume t h a t  t h e  C h a r t e r s  and Locke r e l a t i o n s h i p  
a d e q u a t e l y  p r e d i c t s  t h e  volume e j e c t e d  from a c r a t e r ,  and 
t ha t  t h i s  volume i s  IT =hen, 

c l e a r l y  dependent on p a r t i c l e  k i n e t i c  energy.  A p r i v a t e  
communication from H. J. Moore o f  t h e  U. S. G e o l o g i c a l  Survey 
s u g g e s t s  t ha t  r ea l  impact  c r a t e r s  are p robab ly  less  t h a n  
h e m i s p h e r i c a l ,  w i t h  diameter t o  d e p t h  r a t i o s  of about  4 : l .  
Thus,  t h e  diameter o f  t he  c r a t e r  w i l l  be rather la rger  t h a n  - 3 p. Define 3, t h e  r a t i o  of t h e  v o l m e  o f  a hemisphere t o  
t h a t  of t he  s h a l l o w e r  c r a t e r  o f  e q u a l  diameter. 
(2 .3 )  t h e n  becomes 

Equat ion  

we choose p t  = 3.5 x 1 0  3 kg/m 3 , For t he  l u n a r  s u r f a c e ,  
and C = 5 x l o 3  m/second, 
d e n s i t y  of t h e  moon; t h e  l a t t e r  a t y p i c a l  v a l u e  f o r  s t r o n g  s o l i d s ,  
These v a l u e s  p robab ly  o v e r e s t i m a t e - t h e  s t r e n g t h  of  t h e  moon; t hey  
are c e r t a i n l y  o n l y  a p p l i c a b l e  t o  impac t s  on t h e  l u n a r  "bedrock"., 
Impac t s  on a porous  s u r f a c e - l a g e r  w i l l  b e  t reated l a t e r ,  With 
t h e s e  v a l u e s ,  i t  appears t h a t  a one k i l o g r a m  o b j e c t  of d e n s i t y  

The f i rs t  i s  t h e  approximate  b u l k  a 



e q u a l  t o  that  o f  the  moon, s t r i k i n g  a t  20 k i l o m e t e r s  p e r  s econd ,  
would makeQhemispherica1 c r a t e r  o f  diameter one meter, 

e 
This  i s  

shown i n ,  R 

F o r  a '  s p h e r i c a l  cap o f  4:l diameter/depth r a t i o ,  
R - 2 . 5 .  Equa t ion  (2 .5)  w i l l  b e  u sed  below t o  estimate t h e  c ra -  

The expec ted  e r r o r  
would pre  t 3x smaller 87 might pre- 

t e r  diameters r e s u l t i n g  from given 
i s  s u b s t a n t i a l ;  a t  15 km/sec, B jo rk  
v a l u e s  f o r  metal l ic  impac t s ;  as s ta ted ,  Shoemaker 
d i c t  l o x  larger va lues .  

tBYCtS 

We a s s i g n  a l o g a r i t h m i c  p robab le  e r r o r  o f  0 .8,  o r  
about  s i x  times, i n  D 3 ,  

D. METEORIC INFALL: FLUXES 

The m e t e o r i c  data f a l l s  i n  three groups :  first t h e  
cometary me teo r s ,  which a r e  impor t an t  i n  t h e  smaller s i z e  r a n g e s ;  
second,  t h e  b r i g h t  v i s u a l  meteors ,  o r  f i r e b a l l s ;  and t h i r d ,  t he  
m e t e o r i t e s ,  t h e  h e a v i e s t  of t h e s e  o b j e c t s ,  which s u r v i v e  pas sage  
th rough  t h e  ear th ' s  atmosphere and  are found on t h e  ground, 

Cometary F lux .  These p a r t i c l e s  form t h e  m a j o r i t y  o f  
the " v i s u a l  meteors ."  They a r e  f r e q u e n t  enough t o  be e f f e c -  
t i v e l y  counted  by p a t r o l  cameras. h c l a s s i c a l  r e p o r t  i n  t h i s  
f i e l d  i s  that  o f  Hawkins and Upton.T1%) 
r u p t i n g  s h u t t e r s  a r e  p l a c e d  on a 40 km b a s e l i n e .  
v e l o c i t y ,  and meteor  b r i g h t n e s s  can b e  measured, A s  d i s c u s s e d  
t h r o u g h ? r $ ) t h e  l i t e r a t u r e  [se ( 9 )  , b u t  f o r  o r i g i n a l  work 

be  t i e d  q u a n t i t a t i v e l y  w i t h  t h e  i n s t a n t a n e o u s  a b l a t i v e  mass loss 
of  t h e  meteoroid.  The i n t e g r a t e d  l i g h t  curve  i s  t h e n  a measure 
o f  mass. R e l a t i v e  masses are cons ide red  q u i t e  re l iab le ;  t h e  ab- 
s o l u t e  v a l u e s  are i n  c o n s i d e r a b l e  doubt., 
the r e s u l t s  o f  t h e i r  supvey as: 

Twin cameras w i t h  i n t e r -  
A l t i t u d e ,  

E. Opik and B. I. L e v i n ( 1  % I] t h e  i n s t a n t a n e o u s  b r i g h t n e s s  can 

Hawkins and Upton s ta ted 

l o g  N = -1.34 l o g  m -  2.64 (2 .6 )  

N i s  t h e  cumula t ive  i n f l u x  of meteors  exceed ing  a mass m (grams) 
p e r  s q u a r e  km,  p e r  hour .  The z e r o  magnitude meteor  was t a k e n  
as 30 grams i n  weight, e n t e r i n g  t e ear th ' s  atmosphere a t  30 
k d s e c .  C u r r e n t l y ,  F. L. Whipple 2 1 7 )  regards 1 gram as a prefer-  
able v a l u e ;  Hawkins i n c l i n e s  t o  n e a r e r  4 grams; w i t h  an u c 
t a i n t y  o f  5x. 
r e s u l t  from s p e c i f i c  t r a c e a b l e  assumpt ions .  A range  o f  about  
0.2 - 5 grams i s  unreso lved .  

Our model f o r  t h e  cometary i n f l u x  on t h e  moon i s  as 
f o l l o w s :  We a s s i g n  a lgm z e r o  magnitude mass i n  e q u a t i o n  ( 2 , 6 )  

The extreme v a l u e s  - 30gm, o r  ,05gm (Levin  P 1% 5'7- 

a 



0 - v -  

and e x p r e s s  i t  i n  m a k o s  u n i t s ,  o b t a i n i n g *  
-2 -1 l o g  N = - 1.34 l o g  m - 18.20 m s e c  ,kg (2 .7)  

The u n c e r t a i n t y  i s  t a k e n  as Hawkins 5x i n  mass, 
L o g a r i t h m i c a l l y ,  t h i s  w i l l  appear i n  (2 .7)  t o  be 
+ 1,34 0 , 7  = + 0,94, 
moon, w i t h  i t s  Tower g r a v i t a t i o n a l  p o t e n t i a l ,  i s  28 km/sec 
rather t h a n  30, b u t  it seems unnecessa ry  t o  make t h i s  
change 

The mean v e l o c i t y  i m p a c t i n g  t h e  - 

y e  d e n s i t y  of t he  cometary me teo ro ids  i s  small; 
Whipp le ( l7  chooses  0,44 gm/cc. For  s i m p l i c i t y ,  we p r e f e r  
0.5 gm/cc, We make no al lowance f o r  the  f a c t  t h a t  t h e  moon, 
as a smaller, body, w i l l  c a p t u r e  somewhat fewer  me teo ro ids  
p e r  u n i t  area t h a n  t h e  e a r t h .  

F i r e b a l l s  . Fireba l l s  are t h e  brighter v i s i b l e  
meteors .  Ob e r v a t i o n a l  data was summarized by Hawkins i n  
r e f e r e n c e  
r e c e n t  ones  ( 1 0 , l g )  i n  which he c o n s i d e r s ,  as w e l l ,  c a t a -  
logs of  m e t e o r i t e s .  H e  seems t o  e x t r a p o l a t e  w i t  cons i -  
derable en thus iasm,  and h i s  mass range  (1 t o  kg )  i s  
p robab ly  b r o a d e r  than  i s  j u s t i f i e d .  I n  any c a s e ,  he  
q u o t e s  : 

1 1, This a r t i c l e  has been supe r seded  by more 

The f l u x  of s tony  m e t e o r i t e s  ( d e n s i t y -  3 .5 ) :  

l o g  N = - 3.73 - log m (2 .8)  

The f l u x  i s  per km year, t h e  mass i n  k i log rams ,  This  i s  
d e r i v e d  from t h e  c a t a l o g s  o f  r ecove red  m e t e o r i t e s  assuming 
that  90 % o f  a s t o n e  i s  ablated i n  t h e  ear th 's  atmosphere.  
This  90% f i g u r e  seems e x c e s s i v e  f o r  ve ry  large meteoro ids .  
Levin  ((16), p. 145) s t a t e s  tha t  f o r  slow, large me teo ro ids ,  
as much as 90% o f  t h e  mass may s u r v i v e !  We f ee l  that  Hawkins' 
masses are o v e r e s t i m a t e d  f o r  large D a r t i c l e s ,  and r educe  t h e  
mass f l u x  by 3x. We w i l l  t h e n  a l l o w  a mass u n c e r t a i n t y  o f  
3x, b r a c k e t i n g  a b l a t i o n s  o f  0 t o  90%. The e q u a t i o n  becomes 
( s i n c e  log 1 km2 year = l o g  m2sec + 13.50)  : 

2 

The u n c e r t a i n t y  here i s ,  t h e n ,  ?x i n  mass (dependent  
on a b l a t i o n )  and probably 4x i n  f l u x  as w i l l  b e  d i s c u s s e d  

*This  is  t h e  mass f l u x  of t h e  O.M.S.F. Program D i r e c t i v e ,  I 

N a t u r a l  Environment and P h y s i c a l  S t a n d a r d s  f o r  Apollo.  
M-DE 8.020.0086 August 15 ,  1963 ( c o n f )  . 



below. I n  accordance  
e r r o r  i s  $3TTYZ3 = 

- 9 -  

w i t h  (l.l), t h e  e x p e c t e d  l o g a r i t h m i c  
0.77. 

For  i r o n  me teo ro ids ,  Hawkins q u o t e s  

l o g  N = - 5.61 - 0.7  log m ( 2 . 1 0 )  
(km2yr, k g )  

The i r o n  me teo ro ids  are l e s s  populous t h a n  t h e  s t o n e s  i n  
t h e  kg r ange ,  b u t  because  o f  t h e  smaller c o e f f i c i e n t ,  
(O.7), dominate  t h e  l a r g e s t  s i z e  r a n g e s .  He assumes 80% 
of a n  i r o n  i s  ablated ( t h e  mass i n  s p a c e  exceeds  t h e  obse rved  
mass by 5 x ) .  As b e f o r e ,  we reduce  t h i s  t o ( . l o g a r i t h m i c a l l y )  
0.35 - + 0.35. 

log N = - 19.36 - 0,7 log m - + 0.65 (2.11) 
(m2sec, kg)  

The d e n s i t y  o f  i r o n  i s  t a k e n  8 gm/cc; t h e  modal 
impact  v e l o c i t y  f o r  i r o n s  and s t o n e s  on t h e  moon, as 1 3  km/sec. 
The e r r o r  i s  t a k e n  as 4x i n  f l u x  a n d s i n  mass. The uncer -  
t a i n t y  i n  e q u a t i o n  2.11 i s  - + 0.65. 

M e t e o r i t e s .  The U n c e r t a i n t y  i n  F lux .  The a r t i c l e s  
by H a r r i s o n  Brown(20) and an  a s s o c i a t e ,  Hugh M j  l l a r d ( 2 1 ) ,  
are i n v a l u a b l e  as s t u d i e s  i n  t h e  c e r t a i n t i e s  01- u n c e r t a i n t i e s  
of  m e t e o r i t e  data. To r e f l e c t  a c c u r a t e  f l u x  data, on ly  w i t -  
nessed "fal ls"  are counted.  Fo r  any degree o f  accu racy ,  o n l y  
r e g i o n s  of ve ry  dense  p o p u l a t i o n  are u s a b l e .  The " c o l l e c t i o n  
e f f i c i e n c y "  f o r  f a l l s  v a r i e s  w i t h  t i m e  o f  day and w i t h  t h e  
season .  The Mil lard s tudy ,  which i n c l u d e s  a q u a n t i t a t i v e  
model of t h e  c o l l e c t i o n  p r o c e s s ,  conc ludes  tha t  t h e  observed  
number of f a l l s  i s  15 t imes  low. 

These papers a r e  ve ry  competent and w e l l  documented. 
Brown's count  ( w i t h  no al lowance f o r  a b l a t i o n )  i s ,  approxi -  
ma te ly ,  

l o g  N= - 18.8 - 0.76 l o g  m (2 .12)  

Brown does n o t  r e c o g n i z e  any d i f f e r e n c e  o f  s l o p e  
between s t o n e s  and i r o n s .  Even w i t h  a l lowance  f o r  a b l a t i o n ,  
t h i s  i s  4x lower  t h a n  Hawkins estimate a t  t h e  1 kg l e v e l ,  
and  l5x lower  t h a n  M i l l a r d  woul p refer .  With t h i s  informa- 

t h e  f l u x  o f  m e t e o r i t e s .  
t i o n  we a s s i g n  4x ( i . e . ,  about  P- 15) as t h e  u n c e r t a i n t y  i n  

The f l u x  mass r e l a t i o n s  d e s c r i b e d  above a r e  p l o t t e d  
on F i g u r e  2. They show a g r a d u a l  d e c r e a s e  i n  s l o p e  as mass 
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E. 

i n c r e a s e s .  A s t e e p  s lope cor responds  t o  a p o p u l a t i o n  which 
has been  repeatedly fragmented - o r  perhaps which i s  very  
f ragi le  . A sha l low s l o p e  co r re sponds  t o  "under -g r ind ing"  
o r ,  f o r  very l a r g e  masses, t o  a c c r e t i o n a l  p r o c e s s e s o  Accord- 
i n g  t o  Hawkins, t h e  sha l low s l o p e  f o r  " i r o n s "  i s  due t o  
t h e i r  s t r e n g t h ,  and t h u s  t h e i r  r e s i s t a n c e  t o  "gr inding" .  
We s h a l l  now apply  t h e  chosen c r a t e r i n g  law t o  these f l u x  
r e l a t i o n s ,  and estimate c r a t e r  d e n s i t i e s .  

INFALL AND CRATER DIAMETERS 

The me teo r i c  i n f a l l  d e s c r i b e d  above c e r t a i n l y  makes 
c r a t e r s  today .  The c r u c i a l  assumpt ions  w e  now make are: 
(a )  t h a t  t he  i n f l u x  h a s  persisted unchanged s i n c e  mare forma- 

" , @ n ~ o a * ~  y r  (1016.5 2 007  s e c o n d s ) .  
he moon and (b) t h a t  t h i s  t i m e  is 

On t h e  f i r s t  p o i n t ,  it i s  necessa ry  t o  assume a 
steady s ta te ,  wi th  meteoroids  b e i n g  s u p p l i e d  from a reser- 
v o i r  and de le ted .  There i s  r e a s o n a b l e  s u p p o r t  f o r  t h i s .  
Whipple (z27 q u o t e s  l i f e t i m e s  f o  cometary meteoro ids  as 
s h o r t  as lo4 y e a r s ,  Hawkins (I97 c a l c u l a t e s  t ha t  t h e  t o t a l  
a s t e r o i d a l  ( s t o n e  and i r o n  m e t e o r i t e )  i n f a l l  on t h e  ear th  
i s  a n e g l i g i b l e  d r a i n  on the  a s t e r o i d  b e l t .  I f  t h e  f l u x  
I s  n o t  r easonab ly  c o n s t a n t ,  i t  has most probably  been de- 
c r e a s i n g ;  the  r e s u l t i n g  e s t i m a t e s  o f  c r a t e r  d e n s i t y  w i l l  
be small. 

The estimate of t h e  age of t he  mar i a  (200  m i l l i o n  
years t o  f i v e  b i l l i o n  y e a r s )  b r a c k e t s  v a r i o u s  proposed 
v a l u e s .  The lower f i g u r e  arfses from assuming a c o n s t a n t  
meteoro id  i n f a l l  r a t e  and, j u d g i n g  b y  r e l a t i v e  p o p u l a t i o n s ,  
e s t i m a t i n g  t h e  maria as younger t h a n  t h e  c o n t i n e n t s  i n  t h e  
same p r o p o r t i o n .  The c o n t i n e n t s  a r e  a s s i g n e d  an age of 
4.5 b i l l i o n  years, and t h e  200 m i l l i o n  year f i g u r e  r e s u l t s .  

The c r a t e r i n g  r e l a t i o n  ( 2 . 5 )  i s  now appl ied  t o  
t h e  a r i o u s  f l u x e s  . C r a t e r  cumula t ive  number d e n s i t y ,  
F(mm3) i s  o b t a i n e d  from the f l u x e s  u s i n g :  

l o g  F = log N(D) + 16.5 2 0.7 (2.13) 

For  n e a t n e s s ,  t h i s  work is summarized i n  Tab le  I. The 
r e s u l t s  are shown on F igure  3 ,  t o g e t h e r  w i t h  t h e  c r a t e r  
c o u n t s ,  The matching of t h e  nominal v a l u e s  i s  g r a t i f y i n g ,  
b u t  i t  i s  on ly  s i g n i f i c a n t  w i t h i n  t he  proposed e r r o r  r anges .  

. The agreement i s  e n t i r e l y  adequate  t o  encourage t h e  
use  of t he  i n f a l l  rates t o  estimate small c r a t e r  p o p u l a t i o n s .  
Over t h e  range  of  around 0 . 1  t o  10  meter  i n  c r a t e r  diameter, 

- 
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TABLE I 

CRATER NUMBER DENSITY RELATIONS 

Assumption : 

t l o g  R t 0 , 8  from (2 .5)  - 
Crater Number Dens i ty :  l o g  F = log N + 16.5 i 0.7 (2.13)  

R - 2.5 ( 4 : l  c r a t e r s )  

Cometary I n f a l l :  (v = 3 x 10 4 m/sec # P p  = 0.5 gm/cc) 

log N = - 1.34 l o g  m - 18.20 t 0.94 ( 2 . 7 )  - 
4.02 l og  D = 1.34 l o g  m - .13 t 1.07 from (2 .5)  ( 2 . 1 4 )  

l og  F = - 4.02 l o g  0 - 1 . 8 3  i 1 - 5 9  

- 
c 

(2 .15)  

S tone  I n f a l l :  (v = 1.3 x 10 4 m/sec # P p  = 3.5 gm/cc) 

log N = - l o g  m - 17.73 2 0.77 ( 2 . 9 )  

3 log D = 0 t log m t .02 f 0.8 (2 .16)  

(2 .17)  l o g  F - 3 l og  D - 1 . 2 1  t 1 . 3 1  - 
4 = 8 gm/cc) I r o n  I n f a l l :  (v = 1.3 x 1 0  m/sec 

l o g  N = - 19.36 - 0.7 l og  m t 0.65 

2 .1  l o g  D = 0 . 7  log m t ,268 t 0.56 

pP 
(2 .11 )  

(2 .18)  

.I 

- 
l og  F * 2.1 l o g  D - 2.59 f. 1.18 (2.19)  



TABLE I ( c o n t i n u e d )  

For  s t o n e  and I ron ,  

Empirical Range: 1 - 10 4 kg, o r  1 clog DC1.33 

E s t ,  Range (Hawkins 1 - lo1' kg) or l o g  DC4.7 

Crater Dens i ty  : 

l o g  F .. 4.28 - 1.58 l og  D - $. 0.3 (2.1) 

3 < l o g  D C 5  



111. 

it  i s  t h e  "Hawkins s tone"  p o p u l a t i o n  which dominates ,  w i t h  
a s l o p e  of -3  and a d e n s i t y  o f  one c r a t e r  exceeding  1 meter 
diameter eve ry  1 6  s q u a r e  meters, w i t h  a 20x u n c e r t a i n t y ,  
have indeed  gene ra t ed  th ree  diss imilar  models,, The o p t i m i s t i c  
c a s e , ' F c r a t e r  eve ry  240 sq m )  i s  none t o o  smooth. The 
p e s s i m i s t i c  c a s e  would appear  n e a r l y  as rough t o  t h e  a s t r o n a u t  
as t h e  c o n t i n e n t a l  r eg ions  do i n  8 small t e l e s c o p e .  

pared wi th  s e v e r a l  o t h e r s  we have seen, ,  For  example, 
u s i n g  t h e  observed  l u n a r  c r a t e r  p o p u l a t i o n  ( 2 . 1 ) ,  one can 
e x t r a p o l a t e  t o  t h e  1 m l e v e l ,  o b t a i n i n g  one c r a t e r  one meter 
o r  greater  every  30,000 m2., T h i s  i g n o r e s  t h e  known m e t e o r i c  
i n f a l l ;  i f  there i s  f i r m  i n f o r m a t i o n  a v a i l a b l e ,  i t  i s  i n  the  
s l o p e s  of t h e  d i s t r i b u t i o n  on F i g u r e  3 .  The i n f a l l  s t e e p e n s  
as one goes t o  small masses, and t h e  c r a t e r  d e n s i t y  - if it 
was formed by i n f a l l  - must do l ikewise  f o r  small c r a t e r s .  
The magnitudes a r e  i n  doub t ,  b u t  t h e  upward t r e n d  i s  c e r t a i n ,  

We 

T h i s  e s t i m a t e  of  small c r a t e r  d e n s i t y  i s  htgh,  com- 

Other q u e s t i o n s  which a r i se  immediately are: Does no t  
the e r o s i v e  a c t i o n  o f  t h e  meteoro ids  g r e a t l y  reduce  t h i s  re- 
l i e f ?  What i s  the d i s t r i b u t i o n  of  t h e  d e b r i s  e j e c t e d  from 
t h e  c r a t e r s ?  What i s  the  s i g n i f i c a n c e  o f  t h e s e  estimates f o r  
s p a c e c r a f t  o p e r a t i o n s ?  These q u e s t i o n s  w i l l  be  dea l t  w i t h  - 
i n s o f a r  as p r a c t i c a l  - i n  t h e  nex t  three c h a p t e r s ,  

METEORITIC EROSION - DUST LAYERS 

Webster's Thi rd  I n t e r n a t i o n a l  D i c t i o n a r y  d e s c r i b e s  
"erosion ' '  (meaning # 2 )  as " the g e n e r a l  p r o c e s s  whereby t h e  
materials o f  t h e  e a r t h v s  s u r f a c e  are worn away and removed by 
n a t u r a l  a g e n c i e s  i n c l u d i n g  wea the r ing ,  s o l u t i o n ,  c o r r a s i o n  and 
t r a n s p o r t a t i o n , "  I n  t h i s  s e n s e ,  eve ry  c ra t e r - fo rming  impact 
i s  e r o s i v e ,  i n c l u d i n g  Copernicus and Kepler, .More s p e c i f i c a l l y ,  
however, w e  want t o  deal wi th  a g e n e r a l ,  omnipresent  e r o s i o n  
t o  which eve ry  area o f  t h e  moon i s  s u b j e c t .  We s h a l l  d e f i n e ,  
ra ther  l o o s e l y ,  a t'coveragel' by c ra te rs  i n  a small s i z e  
range  such tha t  f l u x e s  exceeding  t h e  flcaverage' l  v a l u e  cail be 
c a l l e d  e r o s i v e .  We then  i n v e s t i g a t e  the amount o f  material 

2 8  are no t  great ,  on t h e  o r d e r  o f  
worn away, removed, 
i t i c  e r o s i o n  i n  space  
10  angstrom u n i t s  p e r  yea r .  On t h e  l u n a r  s u r f a c e ,  t h e  rates 
are f u r t h e r  r duced by the  accumula t ion  o f  a p r o t e c t i v e  l a y e r  
of d e b r i s . ( 2 5 ?  That i s  t o  s a y ,  a uni form "coverage" of  an 
i n i t i a l  rock  s u r f a c e  by m i c r o - c r a t e r s  o f  some s i z e  w i l l  r e s u l t  
i n  a l a y e r  o f  e j e c t e d  f ragments ,  p robably  i n  a l o o s e  and porous  
form; t h i s  layer w i l l  impede f u r t h e r  attack of  the  u n d e r l y i n g  
s u r f a c e ,  The t o t a l  t h i c k n e s s  of the  layer  w i l l  be augmented 
by e j e c t i o n  from much l a r g e r  c r a t e r s  and by some f r a c t i o n  o f  
t he  i n f a l l i n g  p r i m a r y  mass. We now c o n t i n u e  with t he  de ta i led  
arguments.  

tr s p o r t e d .  E s t i m a t e d  ra tes  o f  meteor- 



A. FLUX RELATIONS: COVERAGE 

The f l u x  o f  meteoro ids  has been d e s c r i b e d  above 
by r e l a t i o n s  o f  t h e  form 

log  N 3 l o g  No - s l o g  D (3.1) 

where N i s  t h e  f l u x  o f  p a r t i c l e s  per u n i t  area forming 
craters exceed ing  d iameter  D ,  and No and s are c o n s t a n t s I  
T h i s  is o f  c o u r s e  e q u i v a l e n t  t o  t h e  e x p o n e n t i a l  form, 

N = No DOS (3 .2)  

The f l u x  can a l s o  be e x p r e s s e d  as a d i f f e r e n t i a l  q u a n t i t y  
n (D) ,  such  t h a t :  

N = J  n(D) dD. 
D 

(3.3) 

I n  the  case o f  t h e  s p e c i a l  form, ( 3 . 2 ) ,  

= +n(D) ( 3 . 4 )  0s-1 ts No D 

To g a i n  some i n s i g h t  i n t o  t h e  n a t u r e  o f  e r o s i o n ,  
w e  d e f i n e  t h e  "coverage" o f  a f l u x  i n  some time t ,  as 
f o l l o w s ,  It i s  t h e  t o t a l  c r a t e r  area g e n e r a t e d  b y  t h e  i n -  
f l u x  i n  t h a t  time, p e r  u n i t  area. Coverage i s  d imens ion le s s .  
S i n c e  no al lowance i s  made f o r  o v e r l a p ,  "coverage" i s  an 
upper  bound on t h e  f r a c t i o n  o f  t he  s u r f a c e  a c t u a l l y  occupied  
by c ra t e r s ;  i t  i s  g r e a t e r  t h a n  one i f  t h e  s u r f a c e  i s  "covered" 
s e v e r a l  times. I f  craters of  s i z e s  between D1 and D2 are i n  
q u e s t i o n ,  t h e  coverage C(D1,D2) i s  

D, 

It i s  convenient  t o  look a t  a g e o m e t r i c a l  r ange ,  
i o e o ,  D2 = K D1. I f  t h e  f l u x  i s  e x p o n e n t i a l ,  

C ( D ,  KD)  = -&q tNoD'S+2(K'S+2 -l), s f 2  

(3.6) n o r  t N o  In  K ,  s = 2 

Equat ion  (3 .6)  has some s imple and i n t e r e s t i n g  pro-  
pe r t i e s .  For  some reasonab le  K ,  say 2 ,  t h e  coverage i s  



approxima"e1y the  t o t a l  i n f a l l  times c r a t e r  area; that  i s ,  
from (3.61, 

1 -st2 t N  D2 = C(D,2D) 
! s (2-St2 -1) 

s = 2,. (3.7) 

The c o e f f i c i e n t  i n  b r a c k e t s  i s  always between 
0.6 and 1,0, f o r  S>1. T h i s  g i v e s  a s a t i s f a c t o r y  d e f i n i t i o n  
f o r  a " s e v e r e l y  e r o s i v e t v  i n f a l l ;  i f  t h e  number d e n s i t y ,  F, 
of c r a t e r s  (as on f i g u r e  3 )  exceeds t h e  v a l u e ,  Fe,  

Fe(D) = N t  = D O 2 ,  

it i s  more t h a n  60% p robab le  ( P o i s s o n  s t a t i s t i c s )  t h a t  any 
p o i n t  on t h e  s u r f a c e  l i e s  i n  a c r a t e r  of diameter between 
D and 2D. 

The c r a t e r  dens i t i e s  of  f i g u r e  3 are compared 
w i t h  t h i s  c r i t e r i o n  on f i g u r e  4, The nominal c a s e ' i s  
" s e v e r e l y  e r o s i v e "  f o r  D LlOcm, t h e  p e s s i m i s t i c  c a s e ,  f o r  
D e 1  meter, The i n f a l l  t h e n  d r o p s ,  r e a c h i n g  minimum 
"c'i;verage" n e a r  t h e  k i l o m e t e r  l e v e l ,  t ha t  i s  t o  s a y ,  at  t he  
precise r e s o l u t i o n  wherein we judge  t h a  he l u n a r  maria 
are "very smooth", 
c r a t e r  d i s t r i b u t i o n  similar t o  t h e  mare one, b u t  21 times 
higher .  T h i s  p o p u l a t i o n  i s  again becoming " e r o s i v e " ,  on the  
s c a l e  of  100's of  k i l o m e t e r s ;  comparison w i t h  a l u n a r  photo- 
graph shows t h a t  o u r  " s e v e r e l y  e r o s i v e "  c r i t e r i o n  i s  con- 
s e r v a t i v e  , 

McGillam and Miller t 8 J  quo te  a c o n t i n e n t a l  

We conclude t h a t  we must c o n s i d e r  t h e  cometary i n -  
f l u x  as t h e  p r i n c i p a l  e r o d i n g  a g e n t ;  t h e  s t o n e  i n f l u x  i s  a l s o  
t t e r o s i v e t f ,  b u t  i t  i s  dominated by t h e  cometary c o n t r i b u t i o n .  

€3. Vo'rrime Reiiioved 

A q u a n t i t a t i v e  e s t i m a t e - o f  e r o s i o n  r e q u i r e s  c a l c u l a -  
t i o n  o f  t h e  volume of m a t e r i a l  "worn away, removed, and t r a n s -  
p o r t e d , "  As d e f i n e d  above, t h e  volume o f  a c r a t e r  o f  diameter 
D i s  

- D ;  n 3 
12 R (3 .9)  

R = one f o r  hemisphe r i ca l  c r a t e r s ,  2.5 f o r  t h e  preferred 
4:l diameter: depth  ra t io  c r a t e r s ,  and a t t a i n s  l a r g e r  v a l u e s  
f o r  ve ry  large craters. 
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The g r o s s  volume s t i r red  and t r a n s p o r t e d  by an  i n f l u x  
i n  time t f o r  a diameter i n k e r v a l  (D1,D2) i s :  

n 

Dl 

For  an e x p o n e n t i a l  i n f l u x ,  t h i s  i s  
I D2 

The volume removed i s  dominated by t h e  uppe r  l i m i t  
f o r  6 4 3 ,  and by t h e  lower l i m i t  f o r  s>3. 
i s  

F o r  s = 3 ,  (3.11) 

the S i m i l a r  r e l a t i o n s  may be  d e r i v e d  which d e s c r i b e  
mass i n f a l l  on t h e  moon, 
g i v e s  an e x c e l l e n t  d i s c u s s i o n  o f  t h e  magni tude  of  t h e  me teo ro id  
f l u x  below t h e  mass l i m i t s  covered  i n  t h i s  p a p e r ,  and con- 
c l u d e s  t h a t  i n  4 ,5  b i l l i o n  years a t o t a l  i n f a  1 o f  one $ram/cm2 
has o c c u r r e d  f o r  p a r t i c l e s  o f  mass between l o 4  and 10-1 grams. 
(10 and 10-17 kg)  . 

The s t u d y  by McCracken and Dubin 25) 

Using t h e  cometary f l u x  model (eqn .  2.7) f o r  t h e  
whole r ange ,  w e  would o v e r e s t i m a t e  t h e  i n f a l l  by some o r d e r s  
o f  magnitude; even wi th  t h i s  handicap ,  o u r  estimate o f  t h e  
n e t  volume o f  " t r a n s p o r t e d  d u s t "  i s  small. 
cause  most of  t h e  d u s t  is t r a n s p o r t e d  time and time a g a i n .  

Cons ider  t h e  d i f f e r e n t i a l  form o f  t h e  c r a t e r  volume 
opened up by t h e  i n f l u x  i n  small r anges  of time and diameter. 

T h i s  i s  s o ,  be- 

dV = n (D) D3 dD d t  (3012)  

Suppose there  i s  a d e b r i s  l a y e r  o f  depth ,  L-Craters 
o f  diameter D much smaller t h a n  L w i l l  o n l y  " t r a n s p o r t "  d e b r i s ,  
and n o t  deepen t h e  l a y e r .  On t h e  o t h e r  hand, i f  D>> L, s i n c e  
d V  i s  t h e  ave rage  volume g e n e r a t e d  p e r  s q u a r e  meter, t h e  mean 
i n c r e a s e  i n  L i s  

d L = PdV i n  m 3 /m 2. (3 .13)  
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The pack ing  number, P ,  i s  t h e  r a t i o  of b u l k  
t o  l aye r  d e n s i t y ,  We can take t h e  diameter 

l u n a r  d e n s i t y  
deDendence 

s imply  i n t o  account  by i n t r o d u c i n g  an e x p o n e n t i a l  f a c t o r ,  
e i n t o  (3 .12 ) .  -kL/D 

(3.14)  

The c o n s t a n t ,  k ,  i s  r e l a t ed  t o  l aye r  s t r e n g t h .  The r a t e  
o f  growth o f  L i s  t h e n  

J 
E r o s i v e  

Flux 

The i n t e g r a l  i s  t a k e n  on17 o v e r  t h e  e r o s i v e  f l u x  
because ,  a l though  volume c o n t r i b u t e  -+€ b s  t h e  l a rge r  c ra te rs  
i s  very  large,  t h e  d e b r i s  i s  i n  fac t  l o c a l i z e d  n e a r  the  
c r a t e r s ,  and does n o t  llcover'' t h e  s u r f a c e .  

For  an  e x p o n e n t i a l  i n f l u x ,  and c o n s t a n t  R ,  (3 .15)  
becomes (we take  the  e n t i r e  r ange  o f  D as " e r o s i v e " ) :  

(3 .16)  

The i n t e g r a l  i s  easy  f o  = 4 ;  f o r  s >  3 it can  
be expressed as a gamma f u n c t i o n ,  $281 L e t  z = + ; 
D ~ ~ + ~  = (kL)OSt2 Zsm2; d D  = - (kL)  Zo2 dZ. 
comes 

The i n t e g r a l  be- 

W 

(KL) - s t 3 1  ,so4 e -z dZ = (kL) mS+3 r ( s - 3 ) .  (3.i7; 
0 

Here r ( x )  i s  t h e  gamma f u n c t i o n .  For  p o s i t i v e  
i n t e g e r s  M,  r (Mt1)  = M!, r ( 1 )  = 1. r ( x )  becomes i n f i n i t e  as 
x approaches z e r o  ( i n  our  c a s e ,  as s decreases towards  3 ) .  

Ea u a t  i or 
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which has t h e  s o l u t i o n  

-s+3 (s-2) s ll No r(s-3) Pk 
1 2  H ( 3 Q 1 9 )  Ls-2 - - t 

The " e r o s i v e  f l u x "  was i d e n t i f i e d  above as t h e  
cometary i n f l u x ,  w i t h  s = 4 , 0 2 ,  The d e b r i s  l a y e r  i n  t h i s  
case accumulates  n e a r l y  as t h e  s q u a r e  r o o t  of time, The n e t  . 
accumula t ion  i s  g iven  by e v a l u a t i n g  (3 .19)  f o r  t h e  age o f  
t h e  maria, The t o t a l  number densi. tv f o r  t h e  cometarv 
infix11 h ~ ~ a  bike,, ; . i ~  e4'ud-Lilc.rl i i .  L a l p w i L . . . i L L A u ~  I ~ A ~ ~ ~ ,  

t h i s  i s :  

Thus, N o t  = 0,015, 

We assume 4 : l  diameter/depth c r a t e r s ,  and take R = 2,5.  
S i n c e  t h e  upper  s u r f a c e  of  t h e  l a y e r  i s  c o n t i n u a l l y  bombarded, 
t h e  m a j o r i t y  o f  t h e  layer  shou ld  approach c l o s e  packing ,  We 
choose P = 2,  acco rd ing ly ,  As d i s c u s s e d  below, two i s  a l s o  
a r e a s o n a b l e  v a l u e  f o r  k ,  Equat ion  ( 3 * 1 9 )  becomes 

The estimated e r r o r  was about  
40x. From a t a b l e  o f  t h e  gamma f u n c t i o n  ( *7 ) ,  r ( 1 , 0 2 )  = ,98884. 

w i t h  an u n c e r t a i n t y  of  box, s i n c e  L depends only  on t h e  
1 / 2 , 0 1  power of N o t ;  e r r o r s  of t h e  o r d e r  of 2 o r  3x i n  P 
and k are swamped by t h e  e r r o r  i n  number d e n s i t y ,  

How good i s  t h i s  estimate? Two q u e s t i o n s  ar ise:  
F i r s t ,  what i s  the  p h y s i c a l  meaning of t h e  estimate i t s e l f ,  
and second,  what o t h e r  p r o c e s s e s  c o n t r i b u t e  t o  t h e  d u s t  
l aye r?  

F i r s t l y ,  what i s  t h e  n a t u r e  of t h i s  model l a y e r ?  
Cons ider  t h e  i n t i a l  d i f f e r e n t i a l  e q u a t i o n  ( 3 e 1 4  . If 1, i s  
z e r o ,  t h e  i n f l u x  removes and t r a n s p o r t s  
of material;  f o r  a 4 : l  c r a t e r ,  t h e  c r a t e r  d e p t h  i s  on ly  
D / 4 ,  The e x p o n e n t i a l  convergence f a c t o r  ( w i t h  k = 2 )  t h e n  
s ta tes  t h a t  f o r  L = D/2, a d u s t  l aye r  2x the  dep th  of t h e  
bare- rock  c ra t e r ,  37% of  t h i s  volume i s  s t i l l  removed from 
base r o c k r  A t  5x the  d e p t h ,  8% i s  removed. T h i s  I m p l i e s  
t h a t  t h e  c r a t e r  i n  t h e  d u s t  l a y e r  i s  102 times t h e  volume 
of t h e  i n i t i a l  c r a t e r ,  

D' J c u b i c  meters * 
J 

The model "dust l a y e r " ,  t h e n ,  i s  p r e t t y  f r ag i l e ;  on 
t h e  assumption tha t  i t  is l a r g e l y  c l o s e  packed (50% p o r o s i t y ) ,  
it s t i l l  comes o u t  lOcm t h i c k  a t  about  t he  50% conf idence  l e v e l ,  

A d d i t i o n a l l y ,  t h e r e  i s  t h e  q u e s t i o n  o f  t h e  p r i m  r y  
me teo ro id  i n f a l l ,  As d i s c u s s e d  by  McCracken & Dubin(257, t h e  
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meteoro id  f l u x  may resu l t  i n  e i t h e r  an  a c c r e t i o n  o r  a n  e r o s i o n  
o f  t h e  moon. On hard t a r g e t s ,  t h e  h y p e r v e l o c i t y  impact  r e s u l t s  
i n  a r'jetll o f  ve ry  h igh  v e l o c i t y  e j e c t a ,  amounting t o  s e v e r a l  
p a r t i c l e  masses .  The j e t  exceeds  t h e  e s c a p e  v e l o c i t y  o f  t h e  
moon, and a n e t  loss of  material r e s u l t s .  On t h e  o t h e r  hand,  
a n  ex t r eme ly  porous  s u r f a c e  l a y e r  w i l l  quench t h e  j e t  and re- 
s u l t  i n  a n e t  accumula t ion  o f  material .  

However, as s ta ted above,  McCracken and Dubin es t i -  
mate t h e  t o t a l  i n f a l l  ( o f  masses under  1 0  kg )  a t  1 gm/cc i n  
4.5 b i l l i o n  y e a r s ;  i n  - our  nominal c a s e  o f  109to.7 y e a r s ,  the  
expec ted  i n f l u x  i s  l/5 gram, o r  2mm. The q u e s t i o n  o f  e i t h e r  
a c c r e t i o n  o r  e r o s i o n  i s  t h e n  immaterial t o  t h e  estimated 0 . 1  
meter depth .  

The e j e c t a  from l a rge r  c r a t e r s  may c o n t r i b u t e  t o  the 
d u s t  b l a n k e t ,  a l t h o u g h  it does n o t  c o n t r i b u t e  t h e  "cover ing"  
e r o s i o n  o f  a p a r t i c u l a r  s q u a r e  meter o f  s u r f a c e .  T h i s  q u e s t i o n  
w i l l  b e  covered  i n  d e t a i l  i n  t h e  n e x t  s e c t i o n  of t h e  paperd  
B r i e f l y ,  t h e  c o n t r i b u t i o n  from t h e  o b s e r v a b l e  c r a t e r s  i s  
l o c a l i z e d  n e a r  t h e  c r a t e r s ,  s o  t ha t  one need worry main ly  
about  t h e  c ra te rs  between 1 and 1 0 3  m e t e r s  i n  diameter f o r  a 
c o n t r i b u t i o n  t o  t h e  d u s t  b l a n k e t  

For  t h e s e ,  t h e  " s tone"  p o p u l a t i o n  i s  e f f e c t i v e  
( e q u a t i o n  2 .17 ) .  S ince  t h e  b l a n k e t  i s  n o t  p r o t e c t i v e  a g a i n s t  
major  i p p a c t s ,  we 'must  u s e  Equa t ion  (3.11) f o r  t h e  t o t a l  
volume "worn away ..; and t r a n s p o r t e d . "  S u b s t i t u t i n g ,  w e  o b t a i n  

3 2  V(l m ,  l o 3  m )  .134 m /m = ,134 m d e p t h ,  (3 .22 )  

j u s t  abou t  d o u b l i n g  o u r  estimate.  A s  w i l l  b e  shown i n  t h e  
n e x t  s e c t i o n ,  much o f  t h i s  volume s h o u l d  a p p e a r  as i s o l a t e d  
b l o c k s  o f  d e b r i s ,  and t h e  n e t  c o r r e c t i o n  o f  t h e  uniform d u s t  
l a y e r  t h i c k n e s s  i s  well under  a f a c t o r  o f  two. 

The above a n a l y s i s  assumes a modest ly  c o h e r e n t  d u s t  
q u i t e  c o  t ra ry  t o  D r .  T, Gold ' s  p r o p o s a l  o f  a very  f l u i d  
layer(  237 . Accounting f o r  t h e  e r o s i o n  p r o d u c t s  from t h e  
d e g r a d a t i o n  o f  t h e  c o n t i n e n t a l  c r a t e r s ,  he i n f e r r e d  a f low 
of f i n e  d u s t  i n t o  t h e  mar ia ,  where i t  might accumulate  t o  a 
d e p t h  o f  300 f e e t ,  "and p robab ly  a g r e a t  deal  more.'' V a r i -  
ous  a u t h o r i t i e s ,  no tab ly  H.  C .  lJrey(311, have t a k e n  e x c e p t i o n  
t o  extreme s t a t e m e n t s  o f  t h e  h y p o t h e s i s .  A s  p o i n t e d  o u t  
by R. F. F u d a l i * ,  t h e  c o n t i n e n t s  p o s s e s s  n a t u r a l  c l o s e d  b a s i n s  
of d e p o s i t i o n  which a r e  n o t  f i l l e d  w i t h  maria1 material .  
Urey q u e s t i o n e d  t h e  s u r v i v a l  o f  b o t h  c o l o r  d i f f e r e n c e s  and 
t o p o g r a p h i c  f e a t u r e s  on t h e  maria, were Gold c o r r e c t .  0 

+ P r i v a t e  Communication 
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We conclude  t h e r e f o r e  t h a t  a s t a t i s t i c a l  model 
o f  t h e  l u n a r  s u r f a c e  may wel l  i n c l u d e  a d i s t u r b e d  s u r f a c e  
l a y e r  o f  t h i c k n e s s  between 2 and 60 c e n t i m e t e r s ,  w i t h  
conf idence  about  80$, dependent on t h e  i n t e n s i t y  of  t h e  
p r i m a r y  i n f a l l ,  Even p r i m o r d i a l  f e a t u r e s  o f  s i z e  exceeding  
t h i s  shou ld  survive, ,  

As f o r  t h e  n a t u r e  o f  t h e  l a y e r ,  t h e  t o p  s u r f a c e  
w i l l  have been t u r n e d  over  by micrometeoroid bombardment 
many times i n  l u n a r  h i s t o r y ,  The lower l e v e l s  may be 
expec ted  t o  b e  compacted by t h i s  very  p r o c e s s ,  Tke l aye r  
o f  d u s t  and d e b r i s  w i l l  b e  deeper i n  t h e  immediate neigh-  
borhood o f  l a rger  c r a t e r s ,  T h i s  problem forms t h e  s u b j e c t  
o f  t h e  n e x t  s e c t i o n .  

I V .  DISTRIBUTION OF FRAGMENT SIZES 

I n  t h i s  chapter ,  we d i s c u s s  t h e  number d e n s i t y  and 
s p a t i a l  d i s t r i b u t i o n  o f  f ragments  from t h e  l u n a r  c r a t e r s .  
A p r i m a r y  r e f e r e n c e  f o r  t h i s  s t u d y  i s  t h e  p a p e r  by G a u l t ,  
Shoemaker, and Moore(28),  S p r a y  Z j e c t e d  from t h e  Lunar 
S u r f a c e  by Meteoroid Impact,  We s h a l l  r e f e r  t o  t h i s  pape r  
below as GSM, Most of  t h e  e m p i r i c a l  background f o r  t h e  
s e c t i o n ,  p l u s  some very  similar a n a l y s i s ,  w i l l  b e  found 
there.  S i n c e  the  emphasis here w i l l  be  on s u r f a c e  topography,  
t h e  approach i s  somewhat d i f f e r e n t ;  and t h e  a n a l y t i c  s t u d y  
i s  less  c l o s e l y  dependent on t h e  e m p i r i c a l  impact r e s u l t s  
t h a n  t h a t  i n  GSM. 

Each major  impact r e s u l t s  i n  a c r a t e r  o f  some vol-  
umes 
t h i s  i s  accounted f o r  b y  de fo rma t ion  o f  t h e  s u b s t r a t e ,  t h e  
su r round ing  t e r r a i n  be ing  squeezed and f o l d e d  up t o  form 
t h e  r i m .  The remainder  i s  p r o j e c t e d  i n t o  space  w i t h  v a r y i n g  
v e l o c i t i e s ,  as desc r ibed  by G S M .  I t  i s  hard t o  es t imate  
t h e  p o r t i o n  e j e c t e d ;  w e  s h a l l  g e n e r a l l y  use  t h e  e n t i r e  
c r a t e P  volume. O f  t h e  e j ec t a  a few p r o j e c t i l e  masses (de- 
pending on t h e  i m p a c t  v e l o c i t y )  exceed 2 , 4  km/sec., and 
l e a v e  t h e  Moon. The remainder  (some hundreds o f  p r o j e c t i l e  
masses) i s  r e d e p o s i t e d  , most ly  w i t h i n  a few km of  t h e  c ra-  
t e r ,  The q u e s t i o n  t o  be asked here i s :  compared w i t h  t h e  
small (1 meter) c ra t ep  pqpu la t ion ,  what has been t h e  i n c i -  
dence of f ragments  of' the same general s l z e ?  I f  t h i s  can be 
o b t a i n e d ,  some of t h e  fragments  w i l l  s u r v i v e  as such;  o t h e r s  
w i l l  have g e n e r a t e d  secondary c r a t e r s .  S i n c e  t h e  v e l o c i t y  
of secondary impact i s  low, t h e  c o n t r i b u t i o n  o f  t e r r a i n  rough- 
n e s s  shou ld  be about  t h e  same i n  e i t h e r  case. 

A s  descr ibed  by Baldwin(5)  a s u b s t a n t i a l  p o r t i o n  o f  



To a t t a c k  t h e  problem a t  a l l ,  we must have t h e  
pr imary i n f a l l  ra tes  estimated i n  c h a p t e r  11, and a 
comminution ( g r i n d i n g )  r e l a t i o n  which re la tes  t h e  fragment  
s i z e s  t o  t h e  s i z e  o f  t h e  p a r e n t  c r a t e r .  The e m p i r i c a l  
d i s t r i b u t i o n s  p r e s e n t e d  by G S M  are e x p o n e n t i a l s ,  g i v e n  i n  
t he  form, 

a 
Me 
M =  (+) 
M i s  t h e  t o t a l  e j e c t e d  mass from t h e  c r a t e r ;  Me 

i s  t h e  cumula t ive  mass of f ragments  smaller t h a n  e i n  
diameter; and b i s  t h e  diameter o f  t h e  largest  f ragment ,  
t y p i c a l l y  about  a t e n t h  o f  t h e  c r a t e r  diameter, b u t  less  
t h a n  t h i s  f o r  very  la rge  c r a t e r s o  E m p i r i c a l l y ,  c( r a n g e s  
from 0,3 t o  0.7,  GSM use a v a l u e  o f  0,4, The c r u c i a l  
element of t h e  comminution scheme (4,l) i s  t h e  aDproximate 
s c a l i n g  w i t h  c r a t e r  d iameter ;  t he re  are,  f o r  i n s t a n c e ,  
about  t h e  same number o f  f ragments  o f  diameters D/100 
f o r  a l l  c r a t e r  diameters, D e  Some very  i n t e r e s t i n g  re- 
s u l t s  r e q u i r e  no f u r t h e r  assumption t h a n  t h i s .  

It i s  a rather s t r o n g  assumption;  b u t  t h e  re= 
s u l t s  are s t i l l  u s e f u l  i f  t h e  fragment d i s t r i b u t i o n  changes 
only  s lowly  ove r  t h e  range o f  c r a t e r  diameters concerned ,  

The assumption can be expres sed  as fo l lows .  From 
a pr imary  c r a t e r  o f  d iameter  D,  a number of  secondary  
f ragments  are thrown o u t ,  The cumula t ive  number o f  secon- 
daries exceeding  diameter e i s  Ns(e);  t h e  number between 
diameters e and e t de  i s  assumed a f u n c t i o n  only  o f  e / D ,  
Thus, 

dNs(e) = A g(e/D) d(e/D) (4 ,2 )  

The c o e f f i c i e n t  A i s  a c o n s t a n t ,  The f u n c t i o n  g 
can be  a rb i t ra ry ,  w i t h i n  t h e  c o n d i t i o n  t h a t  t h e  t o t a l  volume 
o f  s e c o n d a r i e s  corresponds w i t h  t h a t  o f  t h e  e j e c t e d  c r a t e r  
material, The volume con ta ined  i n  t h e  dNs s e c o n d a r i e s  i s  

n 3  d V ( e , D )  = AT e g(e/D)d(e/D),  ( 4 . 3 )  

For  s i m p l i c i t y ,  we have assumed s p h e r i c a l  f ragments  
o f  diameter e ,  The t o t a l  volume i n  f ragments  smaller t h a n  
e is: 

( 4 0 4 )  " 
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The v a r i a b l e  y = ( e / D )  has been s u b s t i t u t e d .  

We now pu t  on t h e  requirement  t h a t  t h e  secondary volume 
e q u a l  t h e  c r a t e r  e j e c t e d  volume, V.  L e t  t h i s  be 

Above, w e  d e f i n e d  iI D 3 /12R as t h e  volume of  a p r i m a r y  
c r a t e r ;  iI D 3 / 1 2 R e  i s  t h e  volume e . jec ted ,  A s  s t a t e d  above 
we s h a l l  g e n e r a l l y  se t  Re = R,  assuming t h a t  t h e  e n t i r e  
c r a t e r  volume i s  e j e c t e d ,  From ( 4 , 5 ) ,  we can s e t  a v a l u e  
f o r  A ,  It is convenient  if A = ( 1 / 2 R e ) ;  t h e n ,  

1 

Cons ide r ing  ( 4 , 4 )  aEain ,  V ( e , D )  must go t o  ze ro  
w i t h  e ;  i t  i s  u s e f u l  t o  s e t  limits on t h e  behav io r  o f  g ( y )  
which are  c o n s i s t e n t  w i t h  (4,1)% Ve wri te  

By d i f f e r e n t i a t i o n  o f  ( ] I . & ) ,  we see t h a t  a s u f f i -  
c i e n t  c o n d i t i o n  f o r  t h i s  i s :  

A s  i n  t h e  p reced ing  c h a p t e r  Equat ion  3. .3 ,  w e  t ake  
t h e  d i f f e r e n t i a l  d i s t r i b u t i o n  o f  c r a t e r s  as n(D ) 
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The t o t a l  number o f  secondary  p a r t i c l e s  exceed ing  

Ns(e) = 2 j n(D)dD 1 g ( y ) d y  

diameter e i s :  

( 4 , 1 0 1  
e e/D 

Something should  be  said about  t h e  l i m i t s  of t h e  
When u s i n g  some f i x e d  e m p i r i c a l  form f o r  g,  . D i n t e g r a l ;  

i t  i s  n e c e s s a r y  t o  start t h e  D i n t e g r a t i o n  a t  t h e  D v a l u e  - 
greater  t h a n  e which f i r s t  produces e - s i z e  f r agmen t s ,  With 
g a r b i t r a r y ,  we can imagine i t  i d e n t i c a l l y  z e r o  f o r  the 
a p p r o p r i a t e  r ange  o f  y ,  from abou t  0.1 t 0- 1, 

We now i n v e r t  t h e  o r d e r  o f  i n t e g r a t i o n  i n  (4,lO) 
aD 
r 1 r 

T h i s  i s ,  by t h e  d e f i n i t i o n  of N (!I), 
1 P 

Now i n  chap, ter  two t h e  c r a t e r  d i s t r i b u t i o n  was 
r e p r e s e n t e d  by a sum of s e v e r a l  e x p o n e n t i a l  f l u x e s  (Equa- 
t i o n  3,2), each  dominat ing i n  a p a r t i c u l a r  diameter i n t e r v a l ,  
This  cou ld  be w r i t t e n  as a summation, 

(4 .13)  

Each term w i l l  c o n t r i b u t e  s e c o n d a r i e s ;  t h e  r e s u l t  
1 

That i s ,  each component o f  t h e  pr imary  f l u x  c o n t r l b -  
u t e s ,  a d i s t r i b u t i o n  of e j e c t e d  f ragments  which s a v e  f o r  a 
c o n s t a n t  has t h e  same e x p o n e n t i a l  s i z e  d i s t r i b u t i o n  as t h e  
primaries, 

For  t h e  s t o n e  m e t e o r i t e  i n f a l l  ( 2 , 1 7 )  s~ = 3 .  But 
t h e  i n t e g r a l  i s  normal f o r  t h i s  v a l u e  ( e q u a t i o n  4.5) 

s = 3  
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T h i s  means t h a t  volume f o r  vo lume , the re  are e q u a l  
numbers Of pr imary c r a t e r s  and secondary  f ragments .  That 
is, a 1 meter  s p h e r i c a l  fragment has 2 R  times t h e  e j e c t e d  
volume o f  t h e  1 meter c r a t e r ,  The number d e n s i t y  o f  
1 m f ragments  i s  t h e r e f o r e  reduced  2 R  times. 

For  steeper f l u x e s  ( f o r  i n s t a n c e ,  t h e  cometary f l u x ,  
( 2 . 1 5 ) )  t h e  i n t e g r a l  i s  less t h a n  onea  We can show t h i s  i n  
a s p e c i a l  c a s e  which d o e s n ' t  g r e a t l y  a f f e c t  t h e  a rb i t r a r i -  
n e s s  o f  t h e  f u n c t i o n  g ( y ) .  Suppose t h a t ,  i n  acco rd  w i t h  t h e  
GSM r e s u l t s ,  there  i s  no fragment  l a rger  t h a n  qD i n  s i z e ,  
where q i s  about  a t e n t h ,  Then g(y) must be  z e r o  f o r  y>q .  
S i n c e  ys  i s  an i n c r e a s i n g  f u n c t i o n  f o r  y and s p o s i t i v e ,  
t h e  f o l l o w i n g  i n e q u a l i t y  h o l d s ,  

1 

1 
s-3 (4.16) (9 s-3 j- g(Y)Y 3 dY = q 

0 

so ,  f o r  s > 3 ,  

I n  t h e  same way, i t  can b e  shown t h a t  f o r  s'3, t he  
fragment  p o p u l a t i o n  i n c r e a s e s  more r a p i d l y  t h a n  qs-3 

T h i s  leads us t o  t h e  q u e s t i o n  of what happens t o  
t h e  d i s t r i b u t i o n  when s r e a c h e s  t h e  v a l u e s  o f  2 . 1  ( f o r  t h e  
i r o n s )  o r  1.50 ( f o r  the  l u n a r  c r a t e r s ) .  

The g e n e r a l  arguments w e  have used h e r e t o f o r e  are 
less u s e f u l  i n  t h i s  range.  It becomes n e c e s s a r y  t o  u s e  de- 
t a i l e d  models; t h i s  can b e  done much more e f f i c i e n t l y  by 
the e x p e r t s  i n  t he  f i e l d ,  However, i t  s h o u l d  be n o t e d  t h a t  
t h e  throwout  from c r a t e r s  i s  l o c a l i z e d ,  G a u l t ,  Shoemaker, 
and Moore e s t i m a t e  t h a t  50% of t h e  e j e c t e d  mass t r a v e l s  
less t h a n  a k i l o m e t e r ,  and 90% less t h a n  t h i r t y  k i l o m e t e r s .  
Thus, estimates o f  uniform debr i s  d e n s i t y  s h o u l d  n o t  be 
based on c r a t e r s  less dense t h a n  pe rhaps  one eve ry  106 m2. 
T h i s  d e n s i t y  o c c u r s  a t  about t h e  change t o  smaller s v a l u e s ,  
We can t h e n  p r o p e r l y  speak of t h e  uni form d e b r i s  d e n s i t y  as 
b e i n g  g iven  by e q u a t i o n  ( 4 3 )  and (4,17) e 
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The dominant i n f a l l  i n  t h e  1 - 100 meter diameter 
i n t e r v a l  i s  that  of  t h e  s t o n e  me teo ro ids ,  whose number 
d e n s i t y  i s  g iven  by  equa t ion  (2,lT). We can t h e n  d e r i v e  
t h e  number d e n s i t y  o f  e j e c t a  f ragments  i n  t h e  1 meter s i z e  
r ange ;  w e  take R = 2.5 (4:l c r a t e r s ) ,  and o b t a i n  f o r  t h e  
cumula t ive  number p e r  square  meter exceed ing  diameter e , 

For  t h e  l a r g e r  c r a t e r s  t h e  n a t u r e  o f  t h e  comminution 
r e l a t i o n  must be s p e c i f i e d ;  t h i s  can be  s t u d i e d  b o t h  from 
t h e  l a b o r a t o r y  impact exper iments  (as  i n  GSM) and b y  
s t u d i e s  o f  l u n a r  topography, as i n  E. M Shoemaker's a r t i c l e  
on the  I n t e r p r e t a t i , o n  o,f Lunar C,raters. ( 2 9 )  

s c a l i n g  law, we expec t  a reasonably  uniform d e n s i t y  of  
secondary  fragments  ( o r  s a t e l l i t i c  c r a t e r s )  such tha t  f o r  
each  p r i m a r y  c r a t e r  there  i s  a secondary element  o f  equiva-  
l e n t  volume, P r i m a r y  c r a t e r s  of  number d e n s i t y  exceed ing  
one p e r  s q u a r e  k i l o m e t e r  c o n t r i b u t e  t o  t h i s  d i s t r i b u t i o n ;  
l a rge r  and less  f r e q u e n t  c r a t e r s  m u s t  be  c o n s i d e r e d  as s u r -  
rounded by l o c a l i z e d  deb r i s  c o n c e n t r a t i o n s  , which may , how- 
e v e r ,  be s u b s t a n t i a l  a t  d i s t a n c e s  o f  t h i r t y  k i l o m e t e r s  from 
t h e  c r a t e r  l i p ,  

I n  conc lus ion ,  under o u r  assumption o f  a uni form 

V,  MODEL OF LUNAR SURFACE ROUGHNESS DERIVED FROM METEORIC INFALL: 
NS, AND CONCLUS~ONS 
I n  t h e  above pages w e  have endeavoured t o  produce 

a sequence o f  l u n a r  s u r f a c e  models, on t h e  h y p o t h e s i s  t h a t  
l u n a r  topography has r e s u l t e d  s o l e l y  from meteo r i c  impacts  . 
It i s  p e r t i n e n t  t o  mention L h a L  t he  e a r t h ' s  topography i s  
e x t r a o r d i n a r i l y  v a r i e d  and has r e s u l t e d  from a l a r g e  number 
o f  p r o c e s s e s  among which me teo r i c  i n f a l l  must be c o n s i d e r e d  
r a the r  minor. It i s  only  r easonab le  t h a t  l u n a r  topography 
as wel l  shou ld  owe i t s  o r i g i n  t o  a number o f  p r o c e s s e s ,  con- 
s t r u c t i v e  and d e s - t r u c t i v e ,  Meteor ic  i n f a l l  i s  s u r e l y  more i m -  
p o r t a n t  t h a n  on ear th ;  i t  remains only p a r t  o f  t h e  s t o r y ,  
It i s ,  however, a part  on which reasonably  q u a n t i t a t i v e  
roughness  estimates can be  made, and t h i s  i s  i t s  v a l u e ,  We 
now summarize t he  r e s u l t s  o b t a i n e d  above and b r i e f l y  examine 
some of  t h e  s imple r  i m p l i c a t i o n s  f o r  l u n a r  missions, ,  

I n  c h a p t e r  11, t h e  meteoro id  i n f l u x  was s t u d i e d .  
It appeared t h a t  i n  t h e  range o f  0 . 1  t o  10  meter c r a t e r  s i z e s ,  
t h e  dominant i n f a l l  was t h a t  of t h e  b r i l l i a n t  v i s u a l  me teo r s ,  
o r  t h e  s t o n e  m e t e o r i t e s ,  We expres sed  t h e  i n f e r r e d  cumula- 
t i v e  number d e n s i t y  of  c r a t e r s  exceeding  diameter D i n  meters, 
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as F, p e r  s q u a r e  meter on the  l u n a r  maria, 

The u n c e r t a i n t y  o f  twenty  times r e f l e c t e d  l a c k  o f  
knowledge about  t h e  meteoroid f l u x ,  i t s  cons tancy  o v e r  t h e  
deba ted  age o f  t he  maria, and about  t h e  c r a t e r  s i z e  
a s s o c i a t e d  w i t h  a g i v e n  impact.  The c r a t e r s  were assumed 
t o  have diameter t o  dep th  r a t i o s  of 4:1, 
w e  showed, assuming a uniform comminution law r e l a t i n g  frag- 
ment s i z e  t o  c r a t e r  d i ame te r ,  t h a t  t o  each  pr imary  c r a t e r  
there  would co r re spond  one fragment  of  e q u i v a l e n t  volume. 

'Related t o  t h e  pr imary c r a t e r  d e n s i t y  above, t h e  d e n s i t y  o f  
( s p h e r i c a l )  f ragments  of  diameter e o r  greater  would b e  

I n  c h a p t e r  I V ,  

3 l o g  e + 1,3 l o g  F ( e )  = - 1.91 - - (4.18) 

T h i s  e s t i m a t e  i n c l u d e s  t h e  e n t i r e  c o n t r i b u t i o n  from 
t h e  i n f a l l  of s t o n e  meteoro ids .  The c o n t r i b u t i o n  from t h e  
f l u x  o f  i r o n  me teo ro ids  dominates  t h e  number d e n s i t i e s  o f  
pr imary c r a t e r s  o f  d i ame te r s  exceed ing  about  100 meters. The 
s u b s t a n t i a l  d e b r i s  c o n c e n t r a t i o n  from t h e s e  i s  n o t  c o n t a i n e d  
i n  (4,18), i n  part  because these c r a t e r s  are i n f r e q u e n t  enough 
t h a t  t h e  r u b b l e  may b e  a s s o c i a t e d  w i t h  a g iven  c r a t e r ,  ra ther  
t h a n  b e i n g  uni formly  d i s t r i b u t e d ,  

I n  c h a p t e r  111, t h e  degree t o  which f e a t u r e s  were 
degraded  b y  m e t e o r i t i c  e r o s i o n  was c o n s i d e r e d ,  It was con- 
c luded  that  the  a t t a c k  of bedrock  by smaller p a r t i c l e s  would 
soon be  t e r m i n a t e d  by  t h e  accumula t ion  of a p r o t e c t i v e  d e b r i s  
l a y e r ,  The t o t a l  accumulat ion of t h i s  l a y e r  due t o  t h e  e n t i r e  
"cometary i n f l u x "  was estimated as 

L = . l m e t e r s  (3 .21)  

vdth an u n c e r t a i n t y  of s i x  times. 
The l a y e r  would n o t  p r o t e c t  a g a i n s t  more mass ive  impac t s ,  b u t  
we estimated t h a t  throwout from these  wcrurld not double  
l a y e r  t h i c k n e s s ,  and was unimpor tan t  w i t h i n  estimated e r r o r ,  
The uppe r  r e g i o n s  o f  t he  l aye r  are b e i n g  c o n t i n u a l l y  " t u r n e d  
over"  by bombardment b y  t he  smallest me teo ro ids ,  The shock 
t r a n s m i t t e d  down cah be assumed t o  compact t h e  lower l e v e l s  
t o  a s t r u c t u r a l l y  s a t i s f a c t o r y  d e g r e e ,  The t o t a l  depth can- 
not  be c o n s i d e r e d  an  "incompetent d u s t " ,  

L e t  us  now summarize t h e  models o f  l u n a r  s u r f a c e  
roughness :  It w i l l  b e  remembered t h a t  the  "models" can b e  
b e s t  c o n s i d e r e d  as upDer bounds t o  t h e  numbers t a b u l a t e d ,  
wi th  conf idences  o f  perhaps 90% ( p e s s i m i s t i c ) ,  50% (nomina l )  
and 1 0 %  ( o p t i m i s t i c )  . 



I n  t a b l e  I1 we t a b u l a t e ,  f o r  t h e s e  models, t h e  d u s t  
l a y e r  d e p t h ,  t h e  cumulat ive d e n s i t y  o f  one meter c r a t e r s  
( d e p t h  0,25m) and t h e  cumulat ive d e n s i t y  o f  1 meter d i a -  
meter s p h e r i c a l  f r agmen t s ,  The l a t t e r  o f f e r  much more 
dange r  t o  s p a c e c r a f t ,  

'de now ve ry  b r i e f l y  i n v e s t i g a t e  t h e  i m p l i c a t i o n s  
of  t h e s e  models f o r  l u n a r  mis s ions ,  Gene ra l ly ,  these  models 
are  q u i t e  rough,  

The p e s s i m i s t i c  case  i s  q u i t e  rugged. T h e  s u r f a c e  
i s  "covered" by 1 meter c r a t e r s ,  and should-provided t h e  
d u s t  l a y e r  was absent--resemble t he  c o n t i n e n t a l  r e g i o n s  o f  
t h e  moor. as s e e n  on photographs ,  One meter fragments  are on 
t h e  mean spaced  eve ry  2 meters .  The d u s t  l a y e r  i s  o f  d e p t h  
70 c e n t i m e t e r s ;  no doubt t h i s  w i l l  concea l  many f e a t u r e s .  Ye 
cannot  q u a n t i t a t i v e l y  e s t i m a t e  s inkage ,  b u t ,  c l e a r l y ,  de- 
pendent  on unde r ly ing  topography,  s inkage  approaching  20 o r  
30 c e n t i m e t e r s  i s  p l a u s i b l e ,  ' d i tha l ,  t h e  model i s  n o t  hope- 
l e s s l y  i n h o s p i t a b l e .  Such a b o u l d e r  - s t r ewn  landscape  would 
n o t  be t o o  d i f f i c u l t  t o  walk on ,  The  c o n s i s t e n t  ruggedness  
might make i t  p l a u s i b l e  f o r  l a n d i n g ;  t h e  s u r f a c e  would have 
t o  be e s s e n t i a l l y  uniformly covered w i t h  c rushed  rock ,  There  
would be no q u e s t i o n  o f  f i n d i n g  a "smooth area" o t h e r  t h a n  
one where t h e  d u s t  might concea l  unknown topography,  

The o p t i m i s t i c  case  i s  q u i t e  a n o t h e r  matter, Two 
c e n t i m e t e r s  o f  "dus t "  cover  t h e  s u r f a c e ,  and s inkage  exceed- 
i n g  one i s  u n l i k e l y ,  One 1 meter c r a t e r  i s  expec ted  eve ry  
300 m 2 ;  u s i n g  t h e  Poisson  formula,  one has about  a 35% chance 
of  f i n d i n g  a 20  meter diameter c i r c l e  free o f  c r a t e r s  l a r g e r  
t h a n  1 meter ( and  an 8 0 %  chance o f  f i n d i n g  one f r e e  o f  1 
meter e j e c t a ) ,  

That  t h i s  i s  an " o p t i m i s t i c "  c a s e  i s  rathc-r a shock 
if one has  s e r i o u s l y  cons idered  r e q u i r i n g  a l a n d i n g  s i t e  
roughly  a squa re  k i l o m e t e r  i n  area t o  b e  f r e e  o f  su:..h o b s t a c l e s ,  
Roughly 3000 c r a t e r s  and 600  f ragments  exceed ing  1 i?eter i n  
s i z e  are "expected" i n  t h i s  area,  C l e a r l y ,  however, t h e  model 
o f f e r s  l i t t l e  o b s t a c l e  t o  a s k i l l f u l  a s t r o n a u t  l a n c i n g  a 
v e h i c l e  which i s  d o c i l e  and  has good v i s i b i l i t y ,  

I n  t h e  nominal ca se ,  t h e  1 2  c e n t i m e t e r  di,st d e p t h  
( s i n k a g e  probably  under  6 )  i s  a l l o w a b l e ,  The chances o f  
f i n d i n g  a 20  meter d iameter  c i r c l e  f r e e  o f  c r a t e r s  are  vanish-  
i n g ;  t h e  chance i s  b u t  2 %  t o  f i n d  i t  free  of  rocks  

I t  t h e n  appea r s  t h a t  t h e  s u r f a c e s  present ,ed i n  t h e s e  
models a r e  n o t  t e r r i b l y  encouraging ,  The burden o f  l a n d i n g  s a f e t y  
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TABLE I1 

MODELS 

METEORIC INFALL AND LUNAR SURFACE ROUGHNESS 
C m  

OF FEAT6RE D I M E N S I O N .  

Density of features exceeding  1 meter (mo2). "Dust Layer'%) 

P e s s i m i s t i c  

Nominal 

O p t i m i s t i c  

Craters 
('+all 

102 

Fragments 

a 26 

Depth 

70 

, 06 ,013 a 1 2  

a 003 ,0006 a02 



may rest s t r o n g l y  on t h e  ev idence  of a r econna i s sance  
mis s ion ,  e i t h e r  unmanned o r  manned, There are good rea- 
sons  why one r e g i o n  o f  t h e  moon might be preferab le  t o  
anothenb 

( 6 )  There i s  s t i l l  q u e s t i o n ,  for i n s t a n c e  as t o  t h e  
r e l a t i v e  ages of the v a r i o u s  maria, Though Shoemaker e t  a h  
estimated t h a t  the maria were c l o s e l y  t h e  same age, F i e l d e r ( 3 8 )  
has proposed t ha t  some may be very  much younger  t h a n  o t h e s s ,  
S i n c e  bo th  i n v e s t i g a t i o n s  compared c r a t e r  c o u n t s ,  t h i s  shou ld  
be looked i n t o ,  Darke r  and l i g h t e r  areas i n  t h e  maria have 
been a s s o c i a t e d  w i t h  va ry ing  age , T e r r e s t r i a l  n u c l e a r  e x p l o s i o n  
c r a t e r s  are r e l a t i v e l y  smooth, It i s  conce ivab le  t h a t  t h e  i n =  
t e r i o r  o f  a r e c e n t  post-maria1 c r a t e r  might be a s u p e r i o r  land-  
i n g  s i t e .  

With regard t o  s i t e  l o c a t i o n  and v e r i f i c a t i o n ,  i t  
i s  most s i g n i f i c a n t  t ha t  we expec t  t h e  c r a t e r  p o p u l a t i o n  t o  
fol low a cube law i n  t h e  range  of  i n t e r e s t .  Thus, we 
would f e e l  q u i t e  good conf idence  i n  e x t r a p o l a t i n g  c r a t e r  
counts  o b t a i n e d  by an o r b i t i n g  s p a c e c r a f t ;  suppos ing  t h a t  i t  
could  d e f i n e  a d i s t r i b u t i o n  between diameters o f  50m and 
5m, w e  would expec t  (depending  of cour se  on t h e  n a t u r e  o f  t h e  
data)  something l i k e  a f a c t o r  o f  3 accuracy  at 1 meter. If 
t h i s  were t o  be spot-checked by a v e r y  few landed  Surveyor s ,  
e x t r a p o l a t i o n  t o  0 .5  meter cou ld  b e  j u s t i f i e d  w i t h  u s e f u l  
conf idence  o v e r  broad areas 

I n  c l o s i n g ,  i t  i s  a matter o f  c o n s i d e r a b l e  regret 
t ha t  we are unable  t o  suppor t  t h e  s o - c a l l e d ,  "Daytona Beach" 
model o f  t h e  l u n a r  s u r f a c e ,  These smooth, s t r o n g ,  desert-  
l i k e  expanses  be loved  by s c i e n c e - f i c t i o n  i l l u s t r a t o r s  seem 
excluded  from c o n s i d e r a t i o n ,  Na tu re ,  of cour se ,  i s  under  
no compulsion t o  be h o s p i t a b l e  t o  man; q u i t e  t o  the con- 
trary, w e  have ' spen t  some b i l l i o n  y e a r s  a d a p t i n g  o u r s e l v e s  
t o  he r ,  

The e x t e n s i o n  of man's l i v i n g  space t o  t h e  moon 
only  c o n t i n u e s  t h i s  a d a p t i v e  p r o c e s s ,  I f  tire mociels pre-  
s e n t e d  here can encourage a r easoned  approach t o  t h i s  matter,  
t h e y  w i l l  have s e r v e d  a u s e f u l  purpose.  
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LIST OF SYMBOLS 

Each symbol i s  fo l lowed  by  t h e  number of t h e  e q u a t i o n  i n  which 
i t  f i rs t  appears: 

A ( 4 . 2 )  a c o n s t a n t  

b ( 4 , l )  diameter o f  t he  largest  f ragment  from a g i v e n  impact 

C(D1,D2) ( 3 . 5 )  "coverage;"  f r a c t i o n  o f  area cove red  by 

c ( 2 . 2 )  sound v e l o c i t y  

c r a t e r s  of d i ame te r s  between D1 and D2 

D ( 2 . 1 )  c r a t e r  diameter 

D1,D2 S p e c i f i c  Values- O f  D 

d ( 2 . 2 )  p a r t i c l e  diameter f o r  a p r imary  me teo ro id  

(1.1) e r r o r s  i n  q u a n t i t i e s  x, etc . .  ex,ey e Z  a exyz 

e ( 4 . 1 )  diameter o f  an e j e c t e d  fragment  

F(D) ( 2 . 1 )  cumula t ive  number d e n s i t y  o f  c r a t e r s  p e r  u n i t  area 

Fe(D) ( 3 0 8 )  a cumula t ive  number d e n s i t y  o f  craters  which i s  

g(e/D) ( 4 . 2 )  a f u n c t i o n  d e s c r i b i n g  t h e  s i z e  d i s t r i b u t i o n  of 

1 ( s u b s c r i p t ,  (4 .13) :  a n  i n t e g e r )  

K ( 3 . 6 )  a c o n s t a n t '  

k (3.13) a c o n s t a n t  re la ted  t o  layer s t r e n g t h  

L (3 .13 )  layer depth 

" s e v e r e l y  e r o s i v e . "  see d e f i n i t i o n  a t  (3.8) 

f ragments  from an impact  

I n :  n a t u r a l  l o g a r i t h m  

l o g :  l o g a r i t h m  t o  base 1 0  

M ( 4 . 1 )  t o t a l  e j e c t e d . m a s s  

m ( 2 . 6 )  pr imary  p a r t i c l e  mass e 



Me ( 4 , l )  cumula t ive  mass o f  f ragments  smaller t h a n  e, from 
one c r a t e r  

N ( D )  ( 2 .6 )  cumula t ive  f l u x ,  per s q u a r e  meter second of  

N ( 4 . 9 )  p r i m a r y  f l u x  

p a r t i c l e s  forming c r a t e r s  exceed ing  diameter D 

P 

No ( 3 . 1 )  a c o n s t a n t  i n  a f l u x  e q u a t i o n  

Ni ( 4 .13 )  one of a set of numer i ca l  v a l u e s  f o r  No 

Ns ( e >  ( 4 , 2 )  cumula t ive  f l u x  o f  s e c o n d a r i e s  exceed ing  
d i  ame t e r e 

n(D) ( 3 . 3 )  d i f f e r e n t i a l  f l u x  of primaries 

P (3 .13 )  packing  number. The r a t i o  o f  base material 
d e n s i t y  t o  l ayer  d e n s i t y  

p ( 2 . 2 )  p e n e t r a t i o n  i n  a s e m i - i n f i n i t e  s o l i d  

q (4 .15 )  r a t i o  of l a rges t  p a r t i c l e  diameter t o  c r a t e r  
diameter, b/D 

R (2 .5 )  volume r a t i o :  hemispherical  c r a t e r  t o  rea l  c r a t e r  

Re ( 4 , 6 )  volume r a t i o :  h e m i s p h e r i c a l  c r a t e r  t o  e j e c t e d  volume 

S c r u s h i n g  s t r e n g t h  of  a t a r g e t  ( f o l l o w i n g  ( 2 . 2 ) )  

s ( 3 2 )  p o p u l a t i o n  c o e f f i c i e n t  , exponent  of  diameter i n  
cumula t ive  f l u x  l a w  a g a i n s t  diameter 

si (4 .13)  one o f  a set of numer ica l  v a l u e s  f o r  s 

t ( 3 . 5 )  t i m e  

V(D1,D2) ( 3 .10 )  volume eroded  /m 2 by t o t a l  i n f a l l  i n  the 
diameter r ange  (Dl,D2f 

V ( e , D >  ( 4 . 4 )  t o t a l  volume of  e j ec t a  o f  diameters less  t h a n  
e from a c r a t e r  of  diameter D 

Ve ( 4 . 6 )  t o t a l  volume of e j e c t a  from c r a t e r  o f  diameter D e 



v ( 2 . 2 )  p r i m a r y  p a r t i c l e  v e l o c i t y  

x , y , z  dummy v a r i a b l e s  

a ( 4 . 1 )  an exponent i n  an e m p i r i c a l  s c a l i n g  law 

r ( x )  (3 .17)  the gamma f u n c t i o n  

(2 .2 )  d e n s i t y  of primary par t i c l e  
pP 

( 2 . 2 )  d e n s i t y  of t a r g e t  Pt  


